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cantoniensis and its main alkaloid abrine

Mei Yang,a Mazen Al Zaharna,a Yu-Shan Chen,a Li Lib and Hon-Yeung Cheung*a

Abrus cantoniensis is a common and popular vegetative food consumed as beverage, soup and folk

medicine in the tropical and subtropical areas of Asia. It has been claimed valuable for cleansing

toxicants in the liver. However, the functional effects of A. cantoniensis have not yet been scientifically

explored. This study comprehensively evaluated the in vitro antioxidant and anti-proliferative capacities

of the herbal extract and the main alkaloid abrine. Abrine was qualitatively and quantitatively determined

in methanol extract (ME) using HPLC-DAD and LC-MS/MS. The results showed that ME, ethyl acetate

fraction (EF) and abrine exhibited comparable ABTS radical cation scavenging activities and reducing

power to two commercial antioxidants (BHT and Trolox). The EF exerted strong cellular antioxidant

activity and selective cytotoxicity against three cancer cell lines in a dose-dependent manner. Biological

assays revealed that the EF induced cell cycle arrest at G2/M and apoptosis in MCF-7 and Hep3B cells

after 48 h of treatment. Thus, A. cantoniensis exerted potent cellular antioxidant and anti-proliferative

properties, highlighting why it has been traditionally used as a functional food.
1. Introduction

Therehasbeen increasingconcerns inrecent yearsaboutoxidative
stress induced degenerative chronic diseases, such as age-related
functional decline, Alzheimer's disease, diabetes, inammatory
disease, cardiovascular disease, and cancer.1,2 At the cellular level,
overproduction of reactive oxygen species and reactive nitrogen
species can induce oxidative damage to macromolecules such as
proteins, carbohydrates, lipids, and DNA.3,4 Antioxidants have
been well recognized for attenuating and relieving these symp-
toms by stopping free-radical formation and preventing oxidizing
chain reactions.5,6Naturally occurring antioxidants have attracted
a lot of interest as an alternative to synthetic antioxidants that are
restricted due to their potential carcinogenesis.7

Many traditional Chinese herbs have been consumed as
functional food for maintaining the health and as folk medicine
for curing health problems. These herbs contain natural anti-
oxidants with abounding free radical scavenging phytochemi-
cals.8 Abri cantoniensis Herba (Jigucao in Chinese) is the dried
whole plant of Abrus cantoniensis Hance. This herb is the main
substance of a well-known folk functional drink Jigucao herbal
tea in Southern China and some countries of Southeast Asia.
The entire plant can be used to make beverages or herbal tea
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alone or with other plant materials, which are claimed effective
to cleanse liver toxicants and relieve heat in the liver. The
beverages and herbal tea are available in local supermarkets,
convenience shops and herbal tea shops, and are convenient,
safe and suitable for daily consumption. Moreover, this food
can be made into different health care soups at home with other
common food ingredients, such as egg, chicken, pork, ginger,
glace date, etc. These soups are good for removing damp-heat in
the blood and bladder, preventing jaundice and hepatitis.9 This
popular functional food can be also used as folk medicine for
the treatment of liver-related diseases (jaundice, acute, chronic
and infectious hepatitis, cirrhosis with ascites), cholecystitis,
mastitis and urinary system infections.10

Abrine (N-methyl-L-tryptophan), the dominant alkaloid, has
been suggested as the marker for quality control of A. canto-
niensis.10 The herb contains other phytochemicals, including
phenolic compounds, terpenoids, sapogenols, and sapo-
nins.11,12 The dominant triterpene saponin soyasaponin I
showed potent DPPH radical scavenging activity and lipid per-
oxidation inhibitory effect.13 Pharmacological studies also
revealed the anticancer capacity of abrine by inhibiting the
immunoregulatory enzyme indoleamine 2,3-dioxygenase 1
(IDO1) activity both in vitro and in vivo.14,15 Other researchers
reported that soyasapogenol A and B inhibited HepG2 cell
growth by triggering cell cycle arrest at the sub-G1 phase and
induced classical apoptosis phenomenon such as nuclear
condensation and fragmentation.16

A. cantoniensis extract have been well reported for its anti-
hepatotoxic activities in several chemically-induced acute liver
Food Funct.

http://crossmark.crossref.org/dialog/?doi=10.1039/c4fo00217b&domain=pdf&date_stamp=2014-07-24
http://dx.doi.org/10.1039/C4FO00217B
http://pubs.rsc.org/en/journals/journal/FO


Food & Function Paper

Pu
bl

is
he

d 
on

 1
3 

Ju
ne

 2
01

4.
 D

ow
nl

oa
de

d 
by

 G
az

i U
ni

ve
rs

ite
si

 o
n 

18
/0

8/
20

14
 1

3:
50

:2
5.

 
View Article Online
injury micemodels.17 The phytochemicals abrine, soyasaponin I
and kaikasaponin III are responsible for the observed liver
protection effects.18,19 Studies have highlighted the correlation
between hepatoprotective effects and antioxidant activities.20,21

Nevertheless, to the best of our knowledge, the earliest docu-
ment recorded on the use of this herb was by Lingnan Cai Yao
Lu (1932).22 The functional food material A. cantoniensis has not
yet been scientically investigated for its antioxidant and anti-
cancer capacity, even though some of its phytochemicals have
been individually evaluated for their bioactive functions.16,19 It is
of high value to evaluate systematically the antioxidative and
anti-proliferative capacities of the folk functional food A. can-
toniensis and its phytochemicals. In this study, we used four
chemical-based systems and one cell-based model to evaluate
antioxidative activities of the herbal extracts and abrine. The in
vitro cytotoxicity, cell cycle-arresting and apoptosis-inducing
activities against three cancer cell lines (MCF-7, DU145 and
Hep3B) and one normal cell line (PNT-2) were evaluated as well.
2. Materials and methods
2.1 Materials and reagents

A. cantoniensis was obtained from a local distributor in Hong
Kong. L-abrine, 2,20-azino-bis(3-ethylbenzthiazoline-6-sul-
phonic acid) (ABTS), butylated hydroxytoluene (BHT),
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) and 20,70-dichlorouorescin diacetate (DCFH-DA) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The
Vybrant® apoptosis assay kit#4 (YO-PRO®-1/propidium iodide
(PI)) was purchased from Invitrogen (Life technologies, Inc.,
Karlsruhe, Germany). All chemicals and solvents used were of
HPLC grade or obtained in the highest quality and used without
additional purication. Water was puried using a Milli-Q
system from Millipore (Billerica, MA, USA).

The cell lines MCF-7 (human breast cancer), DU145 (prostate
cancer), Hep3B (hepatocellular carcinoma), HepG2 (hep-
atocarcinoma) and PNT-2 (normal prostate epithelium) were
purchased from the American Type Culture Collection (USA).
Cells were grown inDulbecco'sModied EagleMedium (DMEM)
supplemented with 10% FBS, 50 units per mL penicillin and
50 mg mL�1 streptomycin, and maintained in an incubator at
37 �C and 5% CO2. To ensure reliable and reproducible results,
cells used in this study were between passages 10 and 40.
2.2 Sample preparation

The dried plant of A. cantoniensis was cut into thin pieces and
ground to powder using a blender to avoid sample bias. The
powder (1000 g) was extracted twice in a Soxhlet apparatus with
1000 mL of methanol at 80 �C for 2 h. Aer ltration, the
methanol extracts (ME) were combined, concentrated under
vacuum, and subjected to lyophilisation. The dried ME was
distributed in water and subsequently subjected to serial
extraction by solvents of different polarity with a separating
funnel. The corresponding extractions were freeze-dried to yield
four fractions: n-hexane fraction (HF), ethyl acetate fraction
Food Funct.
(EF), n-butanol fraction (BF), and water fraction (WF). For
antioxidative assays, samples were prepared at a stock concen-
tration of 1 mg mL�1 in methanol and stored at �20 �C until
further use. Two commercial antioxidants, BHT and Trolox,
were set as positive control and prepared at a stock concentra-
tion of 1 mg mL�1 in ethanol and water, respectively. For anti-
proliferation assays, samples were freshly dissolved in DMEM
media at a stock concentration of 800 mg mL�1, and immedi-
ately passed through a 0.2 mm membrane lter.

2.3 HPLC-DAD analysis

HPLC analysis was performed on a Waters 2695 HPLC system
with a Waters 2996 DAD detector. A Grace Alltima C18 HPLC
column (4.6 � 250 mm, 5 mm) was used, and the column
temperature was maintained at 30 �C. The mobile phase
included 0.2% formic acid (A) and acetonitrile (B) with a
gradient program as follows: 0–20 min, 95–87% A; 20–25 min,
8–85.5% A. The ow rate was 1 mL min�1. Monitoring was
performed at 278 nm, and the injection volume was 10 mL. For
quantitative analysis, the ME and abrine were dissolved and
diluted with 30% ethanol.

2.4 LC-MS/MS analysis

LC-MS/MS analysis was conducted on an Agilent LC system
(Palo Alto, CA, USA) coupled with a triple-quadrupole mass
spectrometer (API 2000 Triple-Q MS/MS detector, AB Sciex, CA,
USA). The LC system was equipped with a quaternary pump, a
vacuum degasser and a 10 mL injection loop manual injector. A
Grace Alltima C18 HPLC column (4.6 � 250 mm, 5 mm) was
used, and the column temperature was maintained at 25 �C.
The mobile phase included 0.2% formic acid (A) and acetoni-
trile (B) with a gradient program as follows: 0–2 min, 97–97% A;
2–12 min, 97–95%; 12–27 min, 95–90% A; 27–47 min, 90–88%;
47–57 min, 88–87%, 57–62 min, 87–86%, 62–77 min, 86–84%,
77–80min, 84–82%, 80–85min, 82–97%. The ow rate was 1mL
min�1, and the injection volume was 10 mL.

For MS analysis, an API 2000 Triple-Q mass spectrometer (AB
Sciex, CA, USA) was employed. MS/MS data acquisition was
performed in the positive ionization multiple reaction moni-
toring (MRM) mode. To obtain maximum sensitivity for iden-
tication and detection of abrine in the methanol extract, the
ion source temperature (TEM) was set at 550 �C and the ion
spray voltage (IS) was set at 4.5 kV. Ion source gas1 (GS1) and ion
source gas2 (GS2) were used as the drying and nebulizer gases at
a back pressure of 40 psi and 60 psi, respectively. Curtain gas
(CUR) pressure was at 25 psi. The declustering potential (DP)
was 40 eV, entrance potential (EP) was 10 eV, while the focusing
potential (FP) was 350 eV. Abrine was monitored by the transi-
tion of m/z 219.3 (precursor ion) to m/z 188.2 (quantitation ion).
The solutions of ME and abrine were passed through a 0.45 mm
nylon membrane before being subjected to LC-MS/MS analysis.

2.5 Total phenolic content

The total phenolic content was determined using a modied
Folin–Ciocalteu method.23,24 Briey, in a 96-well microplate, an
aliquot of 50 mL of the extracts were mixed with 50 mL of Folin–
This journal is © The Royal Society of Chemistry 2014
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Ciocalteu reagent, followed by the addition of 50 mL of sodium
carbonate solution (7.5%, w/v). The mixture was stirred and
measured at 765 nm aer remaining in the dark for 30 min. A
blank sample consisting of water and reagents was used as a
reference. Results were expressed as mg of gallic acid
equivalents per g of dry weight (mg GAE per g DW), utilizing a
calibration curve of gallic acid in a concentration range of
10–60 mg mL�1.

2.6 Total avonoid content

The AlCl3 method was adopted for the determination of total
avonoids,25 with minor changes. An aliquot (50 mL) of each
sample was mixed with an equal volume of a solution of 2%
AlCl3$6H2O (2 g in 100 mL of methanol). The absorbance of the
mixture was read in aquartz well at 367 nm aer 10 min of
incubation. Results were expressed as mg of rutin equivalents
per g of dry weight (mg RE per g DW), using a calibration curve
of rutin within the concentration range of 10–120 mg mL�1.

2.7 Antioxidant activity

2.7.1 ABTS radical cation scavenging activity. The ABTS
radical cation scavenging activity was assayed according to the
method of Re et al. (1999),26 with minor variations. The ABTS+
solution was generated by reacting 7 mM ABTS solution and
2.45 mM potassium persulfate (nal concentration) in the dark
for at least 16 h at room temperature. The solution was then
diluted with phosphate buffer (pH 7.4) to an absorbance of 0.75
at 734 nm as the working solution. An aliquot of 1 mL working
solution was mixed with 10 mL of the extract at different
concentrations and reacted at 30 �C for 20 min. A mixture
containing ABTS+ working solution and ethanol was used as
blank. The absorbance was measured at 734 nm. The radical
scavenging activity of the samples was calculated by the
following formula:

Scavenging activity (%) ¼ (1 � Asample/Acontrol) � 100%

where Asample is the absorbance in the presence of extracts, and
Acontrol is the absorbance of the control.27

2.7.2 Superoxide anion radical scavenging activity. The
superoxide anion scavenging activity was determined as
described by Zhang et al. (2009),28 with minor modications.
Briey, 150 mM nitroblue tetrazolium (NBT), 60 mM phenazine
methosulfate (PMS), and 468 mM b-nicotinamide adenine
dinucleotide (NADH) were prepared in 16 mM Tris–HCl buffer
(pH 8.0). An equal volume (50 mL) of NBT, NADH, sample extract
at different concentrations and PMS were mixed and incubated
for 5 min at room temperature. A mixutre containing NBT, PMS,
NADH solution and water was used as blank. The absorbance
was measured at 560 nm using a microplate reader. The radical
scavenging activity of samples was calculated using the
following formula:

Scavenging activity (%) ¼ (1 � Asample/Acontrol) � 100%

where Asample is the absorbance in the presence of extracts, and
Acontrol is the absorbance of the control.27
This journal is © The Royal Society of Chemistry 2014
2.7.3 Reducing power. The reducing power of extracts was
determined by the method of Zhang et al. (2009),28 with minor
modications. Briey, a 50 mL aliquot of samples at various
concentrations was mixed with 50 mL potassium ferricyanide
(1%, w/v) in PBS (0.2 M, pH 6.6). The mixture was incubated at
50 �C for 20 min and then added with 50 mL trichloroacetic acid
(10%, w/v), followed by centrifugation at 3000� g for 10 min.
The upper layer of the solution (50 mL) was mixed with distilled
water (50 mL) and ferric chloride (10 mL, 0.1%, w/v), and the
absorbance was measured at 700 nm aer 30 min. The blank
contained all reagents except the sample extract.

2.7.4 Linoleic acid peroxidation. The linoleic acid perox-
idation assay was performed using the thiocyanate method,29

with some modications. The linoleic acid emulsion was
prepared by homogenizing 0.0701 g of linoleic acid, 0.0701 g of
Tween-20 and 12.5 mL of PBS (0.2 M, pH 7.0). A 0.1 mL aliquot
of test samples (400 mg mL�1; BHT in ethanol, others in water)
was mixed with 0.5 mL linoleic acid emulsion and 0.4 mL PBS,
and incubated at 37 �C for 144 h. The control included the
mixture prepared as above but without test samples. A 0.05 mL
aliquot was taken from the incubation mixture every 24 h and
added to 2.35 mL of 75% ethanol, 0.05 mL of 30% ammonium
thiocyanate and 0.05 mL of 20 mM ferrous chloride in 3.5%
HCl, and maintained at room temperature for 3 min. The
absorbance of the solution was measured at 500 nm. The lipid
peroxidation inhibition (LPI)% was calculated at 48 h using the
equation:

LPI (%) ¼ (1 � Asample,48h/Acontrol,48h) � 100%

where Asample,48h is the absorbance in the presence of extracts
aer 48 h, and Acontrol,48h is the absorbance of the control aer
48 h.27

2.7.5 Cellular antioxidant activity (CAA). The HepG2 cell line
was established as a CAA model according to the method of
Wolfe et al. (2007).30 Briey, HepG2 cells were seeded at a
density of 6 � 104 cells per well on a 96-well microplate, and
incubated for 24 h, aer which the media were removed and the
cells were washed with PBS. Cells were treated with 100 mL herb
extracts or phytochemicals at various concentrations plus 25 mM
DCFH-DA for 1 h. The cells were then washed with 150 mL PBS
and 600 mM ABAP in 100 mL HBSS was added. The control
contained cells treated with DCFH-DA and ABAP, while the
blank contained cells treated with DCFH-DA and HBSS only.
The 96-well microplate was placed on a BMG Fluostar Optima
Microplate Reader (BMG Labtech, Durham, NC, USA) at 37 �C.
The uorescence was detected with emission at 538 nm and
excitation at 485 nm for 1 h at a 5 min interval.

The changes of the DCF uorescence can be reected by the
CAA unit as described by Wolfe et al. (2007).30 Briey, aer
subtracting the blank uorescence reading, the area under the
DCF uorescence curve versus time was integrated. The CAA
unit at each concentration of test samples was calculated by the
following equation:

CAA unit ¼ 100�
�ð

SA

�ð
CA

�
� 100
Food Funct.
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where
ð
SA represents the integrated area under sample uo-

rescence versus time curve, while
ð
CA represents that of the

control curve.
2.8 Anti-proliferative activity against cancer cell lines

2.8.1 Cytotoxicity measured by MTT assay. The MTT assay
was conducted according to Zhang et al. (2013),31 with minor
modications. Briey, cells were seeded in 96-well plates at a
density of 3000–5000 cells per well. Aer 24 h of cell attachment,
100 mL of serially-diluted herbal extracts were added and the
cells were treated for 48 h. The control contained cells treated
with DMSO at a nal concentration less than 0.2%. Cells were
then treated with 100 mL of MTT solution and incubated for 3 h,
aer which the formazan formed inside the cells was dissolved
with DMSO; the absorbance was monitored at 570 nm.

2.8.2 Cell cycle distribution analysis. Cell cycle distribution
was analysed by ow cytometry as described by Zhang et al.
(2013),31 with some modications. Briey, aer 48 h of herbal
extract treatment, both adherent and oating cells were
collected and washed twice with cold PBS. Cell pellets were
obtained by centrifugation and were re-suspended in 1 mL of
cold PBS buffer to a cell density of 0.5–1 � 106 cells. Cells were
gently xed with 9 mL cold ethanol (70%) and incubated at 4 �C
overnight, aer which they were centrifuged for ethanol
removal and re-suspended in 5 mL PBS for 15 min. Cell pellets
were re-suspended with 1 mL PBS and RNase A (100 mg mL�1).
Aer enzymolysis at 37 �C for 30 minutes, a PI solution (50 mg
mL�1) was added to the cells and incubated at room tempera-
ture for 30 min. Cells were kept in the dark at 4 �C until they
were subjected to ow cytometry analysis by reading at 488 nm.

2.8.3 Apoptosis detection. Quantication of cell apoptosis
was done by using the Vybrant® apoptosis assay kit#4 (YO-
PRO®-1/PI, Invitrogen) according to the manufacturer's
instructions. Briey, cells were harvested aer incubation with
the herbal extracts, washed with cold PBS, and adjusted to a cell
density of 1 � 106 cells per mL in PBS, aer which 2 mL of YO-
PRO®-1 stock solution and 1 mL of PI stock solution per mL of
cell suspension were added. Cells were then incubated on ice in
the dark for 20–30 min; the stained cells were then detected by
using a ow cytometer at 488 nm excitation with green uo-
rescence emission for YO-PRO®-1 and red uorescence emis-
sion for PI.
Table 1 Yield, total phenolic and total flavonoid content of different ext

Sample
Yield of extract
(%, w/w)

Total phenolic conten
(mg GAE per g DW)

ME 15.68 � 0.54 21.90.11 � 0.02
HF 2.23 � 0.22 55.31 � 0.81
EF 3.32 � 0.41 154.05 � 2.92
BF 4.41 � 0.37 126.30 � 8.43
WF 3.55 � 0.35 42.01 � 0.49
Abrine N. A. N. A.

a Results were expressed as mean � SD from three independent exper
equivalents per g of dry weight (mg GAE per g DW). c Total avonoid con
RE per g DW). d Abrine content in ME was determined by HPLC-DAD and

Food Funct.
2.9 Statistical analysis

All data were presented as mean� standard deviation (SD) from
three independent experiments. One-way ANOVA and differ-
ences between mean values were assessed by Duncan's test at a
95% condence level.
3. Results and discussion
3.1 Yield and total phenolic and avonoid content of the
different fractions

Table 1 shows the yields obtained for the ME and four fractions
of the A. cantoniensis plant. The solid substances extracted with
methanol were 15.68 � 0.54% (w/w). These substances were
further separated using solvents of different polarity, thereby
yielding four fractions. The yields obtained for the HF, EF, BF,
and WF were 2.23 � 0.22%, 3.32 � 0.41%, 4.41 � 0.37%, and
3.55 � 0.35% (w/w), respectively. The HF contained compounds
with lower polarity, while the WF contained those with higher
polarity.

Numerous studies have shown a positive correlation between
the antioxidant activity of plant materials and their total
phenolic content.8,32 Table 1 lists the total phenolic content of
samples as determined by the Folin–Ciocalteu method. The
phenolic content of the ME was 21.90 � 0.021 mg GAE per g
DW, which is higher than that measured for some traditional
Chinese herbs, such as Lobelia chinensis, Smilax glabra Roxb.,
and Plantago asiatica L.8 From the four fractions, the EF and BF
had a high level of total phenolic content at 154.05 � 2.92 and
126.30 � 8.43 mg GAE per g DW, respectively. Therefore, the EF
and BF contained most of the phenolic compounds.

Flavonoids, the secondary plant metabolites, are commonly
present in plants.8 The total avonoid content in the ME was
15.34 mg RE per g DW (Table 1). The EF showed the highest
avonoid content at 44.17 � 2.06 mg RE per g DW, followed by
the BF at 26.28� 0.25 mg RE per g DW. The HF andWF had low
total avonoid contents at 7.88 and 5.67 mg RE per g DW,
respectively.
3.2 HPLC-DAD and LC-MS/MS analysis of abrine

Abrine, the dominant alkaloid in A. cantoniensis, has been
suggested as the marker for quality control of A. cantoniensis.10

HPLC-DAD and LC-MS/MS were introduced to characterize
racts and abrine content in ME as determined by HPLC-DADa

tb Total avonoid contentc

(mg RE per g DW)
Abrine contentd

(mg kg�1)

15.34 � 0.25 N. A.
7.88 � 0.29 N. A.
44.17 � 2.06 N. A.
26.28 � 0.25 N. A.
5.67 � 0.25 N. A.
N. A. 419.91 � 0.4

iments. b Total phenolic content was expressed as mg of gallic acid
tent was expressed as mg of rutin equivalents per g of dry weight (mg
averaged from three independent experiments.

This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/C4FO00217B


Paper Food & Function

Pu
bl

is
he

d 
on

 1
3 

Ju
ne

 2
01

4.
 D

ow
nl

oa
de

d 
by

 G
az

i U
ni

ve
rs

ite
si

 o
n 

18
/0

8/
20

14
 1

3:
50

:2
5.

 
View Article Online
abrine in the ME. Fig. 1A illustrates a representative HPLC
chromatogram of abrine in the ME. Peak 3 in the chromato-
gram was identied as abrine by comparing with the UV
spectra, migration time and the MS spectrum of the standard
(Fig. 1). Fig. 1B shows the migration time, UV spectra and
molecular structure of standard abrine. Fig. 1C shows the MRM
LC-MS/MS spectrum of abrine in the methanol extract. The ion
pair of m/z 219.0 and 188.0 was monitored in positive MRM
mode. The UV absorption peak of abrine was recorded between
270 to 280 nm. The concentration of abrine in the ME was
Fig. 1 (A) Chromatogram of abrine in methanol extract of A. canto-
niensis. (B) HPLC spectra, molecular structure and UV spectra of the
standard abrine. (C) MRM spectrum of abrine in the methanol extract
of A. cantoniensis by LC-MS/MS.

This journal is © The Royal Society of Chemistry 2014
measured using the calibration curve y ¼ 12 776x � 827.76 (r ¼
0.9997), where y was the peak area and x was the concentration
of abrine (2.5–60 mg L�1). As shown in Table 1, the content of
abrine in the ME was quantied as 419.91 � 0.4 mg kg�1,
indicating that it is the dominant compound in the ME. The
antioxidant activity of abrine as well as that of the ME and other
fractions was investigated by several methods as shown below.
3.3 Antioxidant activity of A. cantoniensis extracts and the
bioactive alkaloid abrine

3.3.1 ABTS radical cation scavenging activity. The ABTS
radical cation is generated from the oxidation of ABTS by
potassium persulfate, and the degree of oxidation is decreased
when exposed to antioxidants.26 Fig. 2A depicts a steady
increase in the radical scavenging ratio by the ME, EF, BF and
abrine at sample concentrations of up to 200 mg mL�1, aer
which there was a levelling off with a much slower increase.
EC50 value is dened as the concentration of a sample at which
the inhibition rate reaches 50%. The EC50 values of commercial
antioxidants Trolox and BHT were 32.40� 0.02 and 63.25� 0.24
mg mL�1, respectively. The EF, abrine, ME and BF exhibited
potent antioxidant activity, leading to low EC50 values of 36.72�
1.32, 37.50 � 0.40, 49.16 � 0.12 and 66.18 � 2.61 mg mL�1,
respectively. The WF and HF showed weak scavenging capacity
over the entire concentration range. Thus, the observed order of
the antioxidant capacity was: Trolox > EF > abrine > ME > BHT >
BF >WF > HF. The ABTS radical cation scavenging activity of the
ME of A. cantoniensis was higher when compared with that of
Rhizoma smilacis Glabre and salidroside,28,33 further supporting
the antioxidative potential of this functional plant.

3.3.2 Superoxide anion radical scavenging activity. The
normal process of energy generation in the human body can
produce free radical superoxide anions, which induce toxic
effects on cells and tissues and act as precursors to other
reactive oxygen species.34 Fig. 2B shows superoxide anions
radical scavenging activity of the samples. Most of the tested
samples demonstrated a dose-dependent increase in the scav-
enging activity. The EC50 of the commercial antioxidant BHT
was 79.36 � 1.32 mg mL�1, while those of the BF and EF were
signicantly lower, at 58.61 � 4.38 and 68.46 � 6.25 mg mL�1,
respectively. The ME also presented a potential antioxidant
activity, accompanied with a low EC50 value of 96.72 � 3.41 mg
mL�1. Abrine had a relatively weak inhibitory capacity, with an
EC50 value of 477.30 � 5.85 mg mL�1. The HF and WF barely
showed any antioxidant activity against the superoxide anion.
Thus, the order of the superoxide anion radical scavenging
activity was: Trolox > BF > EF > BHT > ME > abrine > WF > HF.
The BF, EF and ME showed much more potent antioxidant
activities against the superoxide anion radical than those of
other functional foods, such as the salidroside and the poly-
saccharide isolated from Corbicula uminea, the EC50 values of
which were 0.25 and 0.6 mg mL�1, respectively.33,35

3.3.3 Reducing power. The reducing power serves as a vital
indicator of the potential antioxidant activity of a given
compound, and is expressed as the increased absorbance of the
reaction mixture at 700 nm.28 Fig. 2C illustrates the reducing
Food Funct.
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Fig. 2 Antioxidant activity of abrine, BHA, Trolox, ME and four fractions of Abrus cantoniensis. (A) ABTS radical cation scavenging assay; (B)
superoxide anion radical scavenging assay; (C) reducing power assay; (D) linoleic acid peroxidation assay. ME: methanol extract; HF: n-hexane
fraction; EF: ethyl acetate fraction; BF: n-butanol fraction; WF: water fraction. BHT: butylated hydroxytoluene, Trolox: 6-hydroxy-2,5,7,8-tet-
ramethylchroman-2-carboxylic acid.
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capacity of tested samples. BHT showed the strongest reducing
capacity, followed by Trolox, EF, BF and ME. The EC50 values of
the EF, BF and ME were 402.87 � 19.55, 540.67 � 8.14 and
534.00 � 24.43 mg mL�1, respectively. Abrine also showed a
potential reducing capacity at higher concentrations. The WF
and HF exerted no reducing activity over the entire tested
concentrations. Thus, the order of the reducing power was: BHT
> Trolox > EF >ME > BF > abrine >WF > HF. It has been reported
that, herbal extract possessing the reducing power is potent in
reducing the toxic iron level in an iron overloaded mice model
and enhancing protective effects of the liver from oxidative
stress and brosis.36 The reducing power of the extracts and
abrine might contribute to the hepatoprotective function of A.
cantoniensis.

3.3.4 Linoleic acid peroxidation inhibitory effect. Perox-
idation of linoleic acid can lead to severe oxidative DNA
damage.3 Antioxidants prevent the generation of linoleic acid
hydroperoxides and other secondary oxidation products,
reducing the formation of the blood-red color of ferric thiocy-
anate.29 Fig. 2D shows the prevention of linoleic acid perox-
idation at 48 h. The EF and ME exhibited comparable
antioxidant activity to BHT and Trolox, with inhibition rates
over 70%. The BF showed a satisfactory inhibition rate at
around 63.02 � 0.85%, while the HF and WF had mild
Food Funct.
inhibitory rates at 38.09% and 28.15%, respectively. Abrine only
inhibited 10.71% of the linoleic acid peroxidation. Thus, the
order of the inhibition rate of these samples at 48 h was: BHTz
Troloxz EFzME > BF > HF > WF > abrine. The A. cantoniensis
extract is more potent in preventing linoleic acid peroxidation
when compared to other natural functional product extracts
such as that of Rhizoma smilacis Glabrae (50% inhibition rate)
and pure compounds such as rutin (53% inhibition rate).28,37

3.3.5 Cellular antioxidant activity (CAA). The CAA method is
a newly established cell-based model which reects a com-
pound's antioxidant activity within the cell.38 Fig. 3A–C shows
the kinetics of cellular DCFH oxidation by peroxyl radicals
generated from ABAP in the HepG2 cell model. The CAA unit
was introduced to reect the changes of DCF uorescence. The
higher the value of the CAA unit it is, the more the DCF uo-
rescence is decreased. The dose-response curves for the inhi-
bition of DCFH oxidation by ME, EF and quercetin are shown in
Fig. 3D–F. Quercetin was set as a positive control, which effi-
ciently inhibited DCF uorescence over the concentration range
of 6.77 to 30.44 mg mL�1 (Fig. 3C). As shown in Fig. 3F, the
correlation between CAA unit and quercetin concentration was
0.9803, while the CAA unit was up to 70 at the concentration of
30 mg mL�1. Both the ME and EF showed potent cellular anti-
oxidant capacity, as the uorescence units signicantly
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Inhibition of peroxyl radical-induced oxidation of DCFH by (A) ME, (B) EF and (C) quercetin, and dose-response curves for the inhibition of
DCFH by (D) ME, (E) EF and (F) quercetin. ME: methanol extract; EF: ethyl acetate fraction. All results were representative data from three
independent experiments.
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decreased in a dose-dependent manner in comparison with the
control (Fig. 3B and C). The CAA units of ME and BF were also
increased gradually along with their concentrations. For EF, the
CAA unit was as high as 97 at the concentration of 300 mg mL�1,
indicating that most of the DCF uorescence were efficiently
inhibited by the EF. The correlation index of the ME and BF was
0.8802 and 0.9076, respectively.

The EC50 value of quercetin was 11.40 � 2.32 mg mL�1,
while those of the ME and EF were 623.19 � 42.99 and 99.29 �
4.22 mg mL�1, respectively. The BF did not show CAA capacity.
This journal is © The Royal Society of Chemistry 2014
The majority of compounds in the BF are mainly saponins and
triterpenes that have relatively high molecular weight.39 They
might not diffuse into the cell and exert antioxidant capacity.
The cellular antioxidant activity of the EF in this study was
markedly greater than those of extracts from commonly
consumed fruits,24,38 vegetables,40 legume extracts and some
herbal extracts.41,42 It has been suggested that phytochemicals
in A. cantoniensis are potential functional ingredients, which
could donate electrons to free radicals and minimize oxidative
damage in the actual biological or food systems.21
Food Funct.
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Fig. 4 Cytotoxicity of (A) ME, four fractions and abrine on the DU145 cancer cell line and (B) EF on four cell lines. All results were expressed as
mean � SD from three independent experiments.
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3.4 Inhibition of human cancer cell proliferation

3.4.1 Cytotoxicity effects on cancer cell lines. The growth
inhibitory effects of all extracts and abrine on DU145 human
prostate cancer cells were evaluated. As illustrated in Fig. 4A,
the ME and EF showed potential cytotoxicity effects on DU145,
as the cell viability decreased in a dose-dependent manner. The
EF induced about 94% cell death, whereas the ME only caused
about 40% cell death at a concentration of 400 mg mL�1 aer 48
h. Statistical analysis indicated a correlation between cellular
antioxidant activities and cytotoxicity effects of the four frac-
tions (correlation index ¼ 0.996, p < 0.01). Abrine did not affect
the proliferation of DU145. This alkaloid has been shown to
have antitumor effects by inhibiting IDO1 activity in the
kynurenine pathway.43 IDO1 is normally expressed directly in
primary tumors, whereas its expression has to be induced in cell
lines.44 IDO1 might not be expressed in DU145 cells. Therefore,
abrine did not inhibit the proliferation of DU145 (Fig. 4A).

The growth inhibitory effects of the EF were examined on
three cancer cell lines (MCF-7, DU145 and Hep3B) and one
normal cell line (PNT-2). The selectivity index (SI) evaluates the
inhibition selectivity of a test sample by calculating the ratio of
the IC50 value for an individual cancer cell line to that of the
normal cell line.45 SI > 1 indicates a selective inhibition effect,
while SI ¼ 1 or <1 indicates no selectivity.46 Fig. 4B shows
various anti-proliferative effects of the EF on different cell lines.
The breast cancer cell line MCF-7 had the lowest IC50 value
(90.96� 0.40 mgmL�1), while the normal cell line PNT-2 had the
Table 2 IC50 values and selectivity index of the EF on 4 cell linesa

Cell lines IC50 (mg mL�1) Selectivity index (SI)

MCF-7 90.96 � 0.40 1.54
DU145 96.68 � 6.23 1.44
Hep3B 102.45 � 6.48 1.08
PNT-2 139.66 � 1.31 —

a Results were expressed as mean � SD from three independent
experiments. MCF-7: human breast cancer cell line, DU145: human
prostate cancer cell line, Hep3B: human hepatocellular carcinoma cell
line, and PNT-2: Normal human prostate epithelial cell line.

Food Funct.
highest IC50 value (139.66 � 1.31 mg mL�1) (Table 2). The IC50

values of DU145 andHep3B were 96.68� 6.23 and 102.45� 6.48
mgmL�1, respectively. MCF-7 showed the highest SI value (1.54),
followed by DU145 (1.44) and Hep3B (1.08) (Table 2). That is,
the phytochemicals in EF showed selective cytotoxicity by
inducing stronger anti-proliferative effects on three cancer cells
than on normal cells, which might be safer when processed as
functional ingredients for cancer prevention.

The dominant alkaloid abrine has been suggested by the
National Pharmacopoeia (2010) as the marker for the quality
control of A. cantoniensis.10 However, abrine only showed anti-
oxidant activities rather than anti-proliferative effects, suggest-
ing that it might not be the corresponding compound for the
bioactive effects of the extract and the fractions. According to
the literature, phytochemicals such as ursolic acid, soyasaponin
I, kaikasaponin III, soyasapogenol A and B, 40-methoxy-20-
hydroxychalcone and 20,40-dihydroxychalcone, etc. have been
identied or isolated from the EF.11,12,47 These phytochemicals
are the compounds that most likely contribute to the anti-
oxidative and anti-proliferative activities of the herb. Moreover,
except linoleic acid peroxidation inhibitory activities, the anti-
oxidant capacities of A. cantoniensis were correlated with the
high level of total phenolic and avonoid contents (Table 1)
(correlation indices > 0.708, p < 0.05). The phenolic compounds
are also partially responsible for the observed antioxidant
capacities of A. cantoniensis. The anti-proliferative activities of
the four fractions showed high correlation with their cellular
antioxidant activities (correlation index ¼ 0.996, p < 0.01). That
is, phytochemicals that can bind to the cell membrane or enter
cells and then exert cellular antioxidant activities might also be
responsible for the anti-proliferative activities of the EF. Thus,
the phenolic compounds as well as the above-mentioned
phytochemicals should be the corresponding compounds that
are involved in the bioactive effects of the EF. Further qualita-
tive and quantitative studies on the phytochemicals in the EF
and studies on their antioxidant and anticancer activities will be
investigated in future.

3.4.2 Cell cycle analysis. Cells were incubated with different
concentrations of the EF (50, 100, and 150 mg mL�1) for 48 h,
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 (A) Flow cytometry analysis of cell cycle of three cancer cell
lines treated with the EF for 48 h. (B) Proportion of apoptotic cells of
three cancer cell lines as detected by YO-PRO®-1/PI double staining
after EF treatment for 48 h. All results were representative data from
three independent experiments.
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then monitored for the cell phase distribution. Fig. 5A shows
the proportion of cell phases as detected by using the ow
cytometer. Aer treatment with the EF at 100 mg mL�1, the
percentage of MCF-7 cells in the G2/M phase rose greatly from
15.20� 0.30 to 91.93� 0.54% (p < 0.05), indicating G2/M arrest.
For DU145, EF treatment at 150 mg mL�1 arrested the cell cycle
at the S and G2/M phases (p < 0.05). In Hep3B, the proportion of
cells in the G2/M phase increased from 10.12 � 0.23 to 18.68 �
1.73% aer 48 h of EF treatment (p < 0.05). These ndings
suggested that the EF triggers cell cycle arrest mainly at the G2/
M phase in MCF-7, DU145 and Hep3B cell lines.
This journal is © The Royal Society of Chemistry 2014
3.4.3 Apoptosis-inducing effects. YO-PRO®-1 and PI staining
were performed to quantify apoptotic cell death, reported as the
percentage of early apoptotic cells (YO-PRO®-1+/PI�) and late
apoptotic or dead cells (YO-PRO®-1+/PI+). Fig. 5B shows the
proportion of apoptotic cells as detected byow cytometry aer 48
hofEF treatment. In thisstudy, cells treatedwithcamptothecin (10
mM) were set as a positive control and untreated cells were set as a
negative control. In MCF-7 cells, the percentage of early apoptosis
signicantly increased from 2.29� 0.90 to 7.71� 0.94% aer 48 h
of EF treatment at 100 mgmL�1 (p < 0.05). The EF also elevated the
proportion of early apoptotic and late apoptotic or dead cells in
Hep3B at a concentration of 50 mgmL�1 (p < 0.05). The EF did not
induce apoptosis inDU145 cells as therewasno signicant change
in the percentage of early and late apoptotic cells.
4. Conclusions

The methanol extract, different fractions of A. cantoniensis and
the pure phytochemical abrine were evaluated for their in vitro
antioxidant and anti-proliferative activities. Abrine showed
potent antioxidant capacities in the ABTS radical cation scav-
enging and reducing power assays. TheME, EF and BF exhibited
comparable antioxidant activities to the commercial antioxi-
dants, BHT and Trolox, in all the four tested chemical-based
antioxidant systems. The ME and EF revealed strong cellular
antioxidant activities in thecell-basedmodel. TheEFalso showed
potential selective anti-proliferative activities in three cancer cell
lines. Flow cytometry demonstrated that the EF triggered cell
cycle arrest at G2/M in all tested cancer cells, and induced early
apoptosis inMCF-7 andHep3B cells. These results demonstrated
for the rst time that, the extracts and phytochemicals in A.
cantoniensis could be potential ingredients as a functional food
for scavenging free radicals and exerting cancer chemo-
prevention effects. The functional effects of ME and EF may be
due to their high level of phenolic compounds and the synergetic
effects of other bioactive phytochemicals. The anti-proliferative
activities of EF showed high correlation with the cellular antiox-
idant activities, demonstrating that phytochemicals in EF are
effective in binding to the cell membrane or entering cells for
exertingbiological functions.The IC50 valuesofgrowth inhibitory
effects of EFwere around 100 mgmL�1. It can be assumed that EF
and its phytochemicals should also be effective in in vivo experi-
ments, which will be revealed in our future studies.
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44 S. Löb, A. Königsrainer, D. Zieker, B. L. D. M. Brücher,
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