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Solanum nigrum Linn (SN) belongs to the Solanaceae family, is a plant growing widely in south

Asia, and has been used in traditional folk medicine. It is believed to have antipyretic, diuretic,

anticancer, and hepatoprotective effects. During the summertime, this plant has been heavily used

to supplement beverages to quench thirst on hot days in Taiwan and several southern Asian count-

ries. In this study, the polyphenols and anthocyanidin in various parts of the SN plant were analyzed

by HPLC. The leaves were found to be richer in polyphenols than stem and fruit. SN leaves con-

tained the highest concentration of gentisic acid, luteolin, apigenin, kaempferol, and m-coumaric

acid. However, the anthocyanidin existed only in the purple fruits. Additionally, the cytotoxicity of

the leaf, stem, or fruit extract was evaluated against cancer cell lines and normal cells. The results

showed that AU565 breast cancer cells were more sensitive to the extract. Furthermore, the results

demonstrated a significant cytotoxic effect of SN leaf extract on AU565 cells that was mediated via

two different mechanisms depending on the exposure concentrations. A low dose of SN leaf extract

induced autophagy but not apoptosis. Higher doses (>100 μg/mL) of SN leaf extract could inhibit the

level of p-Akt and cause cell death due to the induction of autophagy and apoptosis. However, these

findings indicate that SN leaf extract induced cell death in breast cells via two distinct antineoplastic

activities, the abilities to induce apoptosis and autophagy, therefore suggesting that it may provide a

useful remedy to treat breast cancer.
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INTRODUCTION

Solanum nigrum Linn (SN) (Figure 1) is an herbal plant that
commonly grows in the pen fields of temperate climate zones of
Asia. It has been used in traditional folk medicine and is believed
to have various biological activities. For example, Chinese people
use it to cure inflammation (1) and edema by its antipyretic and
diuretic effects. It is used as a hepatoprotective agent (2,3) and for
treating various kinds of tumors (4), including liver cancer, breast
cancer, lung cancer, stomach cancer, colon cancer, and bladder
cancer. The water extracts of SN (SNE) suppressed oxidant-
mediatedDNA-sugar damage (5), exerted cytoprotection against
gentamicin-induced toxicity on Vero cells (6), induced necrosis in
SC-M1 stomach cancer cells (7), and inhibited 12-O-tetradeca-
noylphorbol-13-acetate-induced tumor promotion in MCF-7
cells (8) and antineoplastic activity against Sarcoma 180 in mice.
It has also been demonstrated that an ethanol extract from fruits
of SN had a remarkable hepatoprotective effect in CCl4-induced
liver damage (3), inhibited the proliferation of human MCF-7

breast cancer cells, and induced cell death by apoptosis (9).
Recently, Wang et al. reported that SNE suppressed AAF-
induced hepatic injury and early hepatocarcinogenesis through
overexpression of glutathione S-transferases, Nrf2, and anti-
oxidant enzymes (10). These studies suggest that SN possesses a
beneficial activity as an antioxidant and antitumor-promoting
agent, although the mechanism for the activity remains to be
elucidated.

The whole plant of S. nigrum has also been detected to contain
many steroidal glycosides, steroidal alkaroids, and steroidal
oligoglycosides (4,11), including solamargine, solasonine, solavil-
line, solasdamine, and solanine. The activities of such alkaloids
could be used for antitumor purposes (12). Besides, it has been re-
ported to contain many polyphenolic compounds (9,13), includ-
ing gallic acid, protocatechuic acid, catechin, caffeic acid, epica-
techin, rutin, and naringenin; the antioxidant and antitumor
activitiesmay be due to the presence of polyphenolic constituents.
Furthermore, a 150kDaglycoprotein isolated fromS. nigrumLinn
has been reported and could reduce inducible nitric oxide (iNO)
production and has an apoptotic effect in HCT-116 cells (14)

Autophagy, or “self-eating”, is an evolutionarily conserved
catabolic process by which cytoplasmic contents and organelles
(including long-lived proteins and damaged organelles) are >de-
liverd to the lysosome, where degradative enzymes break the
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vesicle down (15)). Autophagy has a fundamental role in normal
organisms, allowing them to adapt to and survive despite
stress (16). Recently it has further been found that autophagy
may be a transitory tactical response and has a greater variety of
physiological and pathophysiological roles (17) than expected,
such as starvation, adaptation, development, intracellular protein
degradation, organelle clearance, antiaging, elimination of micro-
organisms (18), cell death, tumor suppression, and antigen presen-
tation.Moreover, there is a potential link between autophagy and
a number of diseases in humans. For instance, cancer, neuro-
degenerative disorders such as Alzheimer’s, Parkinson’s, and
Huntington’s diseases (19), cardiomyopathy, amyotrophic lateral
sclerosis, and prion diseases are all associated with increased
autophagy activity. However, the precise role that autophagy
plays in cancer development, disease progression, tumor main-
tenance, and the response to anticancer therapies is very con-
troversial. Indeed, several agents such as arsenic trioxide (20),
rapamycin (21), and tamoxifen (22, 23) are believed to induce
autophagic cell death in certain cell types. However, autophagy
can also provide protection from cell death in times of stress.
Therefore, the impact of autophagy induction on the efficacy of
chemotherapeutic drugs can be highly variable and cell type and
treatment dependent. Despite this dichotomy, in certain settings
the induction of autophagy is likely to be of therapeutic benefit.

Although SN has been reported to have antifungal, antitumor,
anti-inflammation, antioxidative, anticarcinogenesis, and antimuta-
genesis abilities, practically nothing is known of the pharmacolo-
gical effects of this plant. Furthermore, whether the leaves, stems,
or fruits of SN are poisonous or not is being intensively discussed,
and it is believed that the toxic effects vary considerably according
to the part of the plant being used. Therefore, the purpose of this
work was to evaluate whether the extracts of SN exert the claimed
antitumor actions, and extracts of different parts of SN, such as
leaf, stem, immature fruit, and mature fruit, were prepared and
used in the assays.

MATERIALS AND METHODS

Preparation of the Water Extracts of Solanum nigrum (SNE).
One hundred grams of dried different parts of SN (leaf, stem, green fruit,

or purple fruit) was immersed in 2000 mL of distilled water for 30min and
then boiled at 95 �C for 30min. After cooling, the extracts were filtered by
a paper filter. The SNE were obtained after evaporation of water to
dryness in a vacuum rotary evaporator at 80 �C that finally gave 28.75 g
(28.75% of initial amount) of powder (SNE). The concentration used in
the experiment was based on the dry weight of the extract.

Determination of Total Polyphenol Content. The total polyphenol
content was determined by spectrophotometry, using gallic acid as
standard, according to the Folin-Ciocalteu method. Briefly, 1.0 mL of
the diluted sample extract was transferred in duplicate to separate tubes
containing 5.0 mL of a 1/10 dilution of Folin-Ciocalteu’s reagent in
water. Then, 3.0 mL of a 2%Na2CO3 solution was added. Absorbance of
the mixture was measured at 750 nm.

Reverse-Phase HPLC Analysis of SNE. The determination of
polyphenols and anthocyaninswas carried out by high-performance liquid
chromatography (HPLC). For polyphenol composition analysis, water
extract (1 g, dried powder) of SN was extracted three times with 50 mL of
ethyl acetate to obtain an ethyl acetate-soluble part (0.198 g). The HPLC
used a 250� 4.6mm i.d., 5 μmThermo 5C18-MSpacked column (Nacalei
Tesque, Inc., Kyoto, Japan). Briefly, gradient elution was employedwith a
mobile phase consisting of 40% acetonitrile (solution A) and 5% acetoni-
trile (solution B) as indicated in Figure 2A-1,A-2. The flow rate was 1 mL/
min. The columnwas maintained at 30 �C. The polyphenols were detected
by UV at 295 nm.

For determination of anthocyanins, 10 g of dried different parts of SNE
was extracted with 30 mL of 2 N HCl (in methanol/distilled water = 1:1)
for 1 h.The supernatant was then collected and boiled at 95 �C for 0.5, 1, 2,
and 3 h, respectively. The HPLC used a 250� 4.6 mm i.d., 5 μmCosmosil
5 C18-MSpacked column (Nacalei Tesque, Inc.). Briefly, themobile phase
was acetonitrile/distilled water/trifluoroacetic acid (195:805:4 v/v/v),
and the flow rate was 1 mL/min. The column was maintained at 30 �C.
The anthocyanidins were detected by UV at 530 nm as indicated in
Figure 2B-1,B-2.

Cell Lines and Cell Cultures. Human breast cancer lines, such as
AU565, which overexpresses Her-2, MCF-7, which expresses the basal
level of Her-2, and HBL-100, which is derived from normal human breast
tissue transformed by SV40 large T antigen and expresses a basal level of
Her-2, were used in this study. All breast cancer cell lines and Hep-G2 and
NIH-3T3 were purchased from ATCC and cultured in DMEM supple-
mented with 10% fetal calf serum and 1%penicillin-streptomycin. These
cells were grown at 37 �C in a humidified atmosphere of 5% CO2.

Cell Viability Assays. The effect of SNwater extracts on cell viability
was examined by MTT assay. Briefly, cells were seeded in a 24-well flat-
bottom plate overnight. Cells were then treated with various concentra-
tions of SNEor polyphenols. After incubation for various times, 300 μL of
MTT solution (0.5 mg/mL, Sigma Chemical Co.) was added to each well
and incubated for 4 h at 37 �C. The supernatant was aspirated, and the
MTT-formazan crystals formed by metabolically viable cells were
dissolved in DMSO. Finally, the absorbance was monitored by a micro-
plate reader at a wavelength of 550 nm.

Cell Proliferation Assay by Cell Counting. The trypan blue dye
exclusion assay was used to determine the cytotoxic effect of SN leaf on
cells. Briefly, cells were seeded on 6-well dishes overnight and then incub-
ated with different concentrations of SN leaf for various times. At the end
of the incubation periods, the cells were harvested by trypsinization. The
cells were mixed well with trypan blue solution, and the live cells without
dye staining inside were counted by a hemocytometer under a microscope.

Western Blot Analyses and Antibodies. Cells were harvested and
homogenized by using Golden lysis buffer (10% glycerol, 1% Triton
X-100, 1mMsodiumorthovanadate, 1mMEGTA, 5mMEDTA, 10mM
NaF, 1 mM sodium pyrophosphate, 20 mM Tris-HCl, pH 7.9, 100 μM
β-glycerophosphate, 137 mM NaCl, 1 mM PMSF, 10 μg/mL aprotinin,
and 10 μg/mL leupeptin) for 30 min at 4 �C. Protein content was deter-
mined against a standardized control, using the Bio-Rad protein assay kit
(Bio-Rad Laboratories). The protein inputs in the Western blot analyses
were normalized by loading equal amounts of total protein lysates into the
SDS-PAGE gel, transferred onto polyvinylidene difluoride membranes,
and then probed with primary antibody followed by secondary antibody
conjugated with horseradish peroxidase. Reactive bands were visualized
with an enhanced chemiluminescence system (Amersham Biosciences,
Arlington Heights, IL). The intensity of the bands was scanned and

Figure 1. Solanum nigrum Linn (SN). The picture was taken in the
College of Law and Social Sciences, National Taiwan University, Taipei,
Taiwan. The fruit is a green berry, 6-8 mm in diameter, that turns purple-
black when ripe.
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Figure 2. Analysis of polyphenol and anthocyanidin content in SN extract. (A-1) HPLC chromatograms of the polyphenol standard mixture recorded at
295 nm. The HPLC used a 250� 4.6 mm i.d., 5 μmThermo 5 C18-MS packed column (Nacalei Tesque, Inc.). Briefly, gradient elution was employed with
a mobile phase consisting of 40% acetonitrile (solution A) and 5% acetonitrile (solution B) as indicated in the figure. Polyphenol compounds
corresponding to peaks in part A-2 are marked. (A-2) Polyphenols in SN extract were analyzed by HPLC. Peaks: 1, gallic acid; 2, protocatechuic aicd; 3,
epigallocatechin (EGC); 4, chlorogenic acid þ catechin; 5, gentisic acid; 6, vanillic acid; 7, caffeic acid; 8, syringic acid; 9, epicatechin (EC); 10,
epigallocatechin gallate (EGCG); 11, gallocatechin gallate (GCG); 12, p-coumaric acid; 13, ferulic acid; 14, rutin; 15,m-coumaric acid; 16, narigenin; 17,
luteolin; 18, myricetin; 19, quercetin; 20, apigenin; 21, kaempferol; 22, hesperetin. (B-1) HPLC chromatograms of the anthocyanin standard mixture
recorded at 530 nm. The HPLC used a 250 � 4.6 mm i.d., 5 μm Cosmosil 5 C18-MS packed column (Nacalei Tesque, Inc.). The mobile phase was
acetonitrile/distilled water/trifluoroacetic acid (195:805:4 v/v/v), and the flow rate was 1 mL/min. Abbreviations: Del, delphinidin; Cya, cyanidin; Pet,
petunidin; Pelg, pelargonidin; Peo, peonidin; Mal, malvidin. (B-2) After acid hydrolysis, we can detect Del, Pet, Pelg, Peo, and Mal in purple fruit of S.
nigrum but not in green fruit.
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quantified with National Institute of Health image software. Antibodies

against Akt, phospho-Akt (Ser473), AMPK, phospho-AMPK (Thr172),

and c-PARP were purchased from Cell Signaling Technology (Beverly,

MA); antibodies against LC-3 and phospho-mTor and anti-β-actin anti-

body were purchased from Sigma Chemical Co. (St. Louis, MO). Anti-

mouse and anti-rabbit antibodies conjugated to horseradish peroxidase

were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
ATP Level Determination. The ATP level was deteremined with

regard to the protocol of anATP lighting kit. Cells were incubated in a 96-
well flat-bottom plate overnight. Cells were incubated with an ATPase
light kit after SNE had been treated for various times. The cells were lysed
with lysis buffer, and transferred to a light-avoiding black 96-well dish, and
the luminescence was measured by an ELISA reader.

Flow Cytometric Analysis of Apoptosis, Cell Cycle. For the flow
cytometric analysis, cells were seeded on 60mmPetri dishes overnight and
then incubatedwith different concentrations of SNE for various times. For
the analysis of cell cycle and apoptosis, cells were stained with propidium
iodide (PI). After SNE treatment, cells were trypsinized and washed twice
with ice-coldphosphate-buffered saline (PBS), and the cellswere fixedwith
70% ice-cold ethanol overnight at -20 �C. Following 1500 rpm centrifu-
gation, the cell pellets were treated by RNase A, stained with PI, and then
analyzed by flow cytometry (FACScan, BD Biosciences, Mountain View,
CA). The percentage of sub-G1 fraction was analyzed by using Cell Quest
software (BD Biosciences).

Microscope Observation of Cellular Morphology, Autophagic

Vascular Organelle (AVO), Nuclear Morphology. For microscope
observation, cells were cultured overnight in 6-well dishes with glass slides
inside and then incubated with different concentrations of SNE for various
times. After SNE treatment, the cellular morphology was observed directly
by light microscope. To observe the autophagic vascular organelle (AVO),
cells were stained with serum-free medium containing 10 μg/mL of mono-

dansyl dacarbencine (MDC). After 30 min of incubation, cells were washed
with PBS and fixed with 4% formaldehyde for 30 min. After fixation, cells
were washed with PBS and observed by fluorescence microscope. For
nuclear morphology observation, cells were fixed with 4% formaldehyde
for 30 min, washed with PBS, then incubated with μg/mLDAPI for 30 min,
washed with PBS three times, and observed by fluorescence microscope.

Statistical Analysis. All values were expressed as mean ( SD. Each
value is the mean of at least three separate experiments in each group.
Student’s t test was used for statistical comparison. Asterisks (*) indicate
the values are significantly different from the control: *, p<0.05; **, p<
0.01; ***, p < 0.001.

RESULTS

Chemical Composition of SNE. To establish the composition of
SNE from SN, the contents of polyphenols and anthocyanins

Table 1. Contents (Micrograms per Gram) of Phenolic Acids in Different Parts
of SN

peak retention time (min) leaf stem green fruit

1 6.70 0.53( 0.5 1.36( 0.77 29.33 ( 2.27

2 11.85 10.59( 4.59 6.15( 4.09 56.50( 4.93

3 14.99 16.92( 5.01 nd 281.46( 7.06

5 20.99 2489.00( 212.86 249.70( 95.24 437.58( 118.23

6 22.18 nd 20.62( 7.56 40.36( 5.92

7 23.12 82.24( 9.87 7.89( 5.12 11.78 ( 4.63

8 24.58 9.42( 7.04 5.07( 2.28 13.70( 3.94

9 27.89 65.70( 12.23 26.17( 8.41 51.56( 25.78

10 29.27 30.38( 11.93 8.96( 0.38 19.20( 4.11

11 32.73 19.58( 9.18 44.02( 10.09 30.51( 15.48

12 34.69 7.85( 5.84 19.82( 5.75 34.78( 21.97

13 39.08 15.86( 7.19 15.89( 5.39 33.41( 7.39

14 40.48 41.65( 9.10 49.45( 6.45 9.45( 5.90

15 41.69 183.40( 14.91 26.44( 6.72 8.41( 5.69

16 48.75 26.20( 8.05 7.93( 5.58 8.80( 5.92

17 53.38 1091.33( 315.38 198.93( 70.33 210.32( 80.34

18 54.99 nd nd nd

19 67.52 14.85( 5.89 10.75( 5.70 10.94( 5.92

20 76.39 354.06( 93.45 106.32( 77.03 nd

21 78.25 315.65( 375.55 nd nd

22 79.04 142.75( 116.54 125.86( 113.03 nd

Table 2. Contents (Micrograms per Gram) of Anthocyanidins in Purple Fruits of SN after Acid Hydrolysis at 95 �C for 0.5, 1, 2, and 3 h, Respectively

UV λmax (nm) 540 531 536 511 528 537

retention time (min) 8.5 15.3 16.4 28.7 32.8 34.7

hydrolysis time (h) Del Cya Pet Pelg Peo Mal total

0 nd nd nd nd nd nd nd

0.5 144.87( 25.28 nd 174.64( 59.81 867.38( 67.67 29.87( 20.37 64.49( 22.00 1281.23

1 202.73( 28.41 nd 306.17( 76.95 57.96( 36.20 23.02( 20.33 117.8( 21.13 707.67

2 106.98( 18.44 nd 188.98( 58.39 nd nd 66.95( 24.75 362.91

3 49.13( l6.55 nd 102.59( 53.60 nd nd 33.54( 21.13 185.27

Figure 3. Cell viability comparison of different cell lines treated by SN leaf.
(A) MTT assay showed the different responses of cell lines treated by 10
μg/mL SN leaf for 24 h. AU565 was more sensitive to SN leaf treatment
than HBL-100, MCF-7, Hep-G2, and NIH-3T3. All values are expressed as
mean ( SD. Asterisks (/) indicate the values are significantly different
from the control: /, p < 0.05; //, p < 0.01; ///, p < 0.001, ng 3. (B) Cell
viability of AU565 cells with various concentrations of SN leaf at indicated
times. Cell viability curve was determined by MTT assay and analyzed.
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were assayed, and the concentrations of polyphenols and antho-
cyanins were determined by HPLC. The dry weight yield of SNE
was 28.75 ( 4.15%, consisting of 22.15 ( 1.41% total poly-
phenolics using gallic acid as the standard (data not shown). For
polyphenol composition analysis, the SNE was partitioned by
ethyl acetate three times, and then water was evaporated to
dryness in a vacuum rotary evaporator at 45 �C. In Figure2A-
1, HPLC analysis showed the standard of polyphenols, including
13 flavonoids [epigallocatechin (EGC), epicatechin (EC), epigal-
locatechin gallate (EGCG), gallocatechin gallate (GCG), cate-
chin, rutin, narigenin, luteolin, myricetin, quercetin, apigenin,
kaempferol, hesperetin] and 10 phenolic acids (gallic acid, proto-
catechuic aicd, chlorogenic acid, gentisic acid, vanillic acid, caffeic
acid, syringic acid, p-coumaric acid, ferulic acid, m-coumaric
acid). The contents of these polyphenols in the leaf, stem, and
green fruit extracts of SN were analyzed and are summarized in
Figure 2A-2 and Table 1. The results indicate gentisic acid is the
most abundant as compared to other polyphenols in every part of
SN; luteolin is second.

As shown in Figure 2B-1, HPLC analysis of the standard
anthocyanidin showed that the retention times of delphinidin,
cyanidin, petunidin, pelargonidin, peonidin, and malvidin were
8.5, 15.3, 16.4, 28.7, 32.8, and 34.7 min, respectively. By use of
acid hydrolysis, we could detect anthocyanidin (the acid hydro-
lysis product anthocyanin) in the extracts of purple fruits. Before
acid hydrolysis, no anthocyanidin was detected in the purple

fruits (data not shown). After acid hydrolysis, however, the
hydrolysis product of anthocyanin was analyzed and is summar-
ized in Figure 2B-2 and Table 2. The analysis of SNE from purple
fruits revealed the concentrations of delphinidin, petunidin,
pelargonidin, peonidin, and malvidin were 202.73 ( 28.41,
306.17 ( 76.95, 867.38 ( 67.67, 29.87 ( 20.37, and 117.8 (
21.13 μg/g, respectively. Under similar conditions, we could not
detect the presence of the above-mentioned anthocyanidin or its
hydrolyzed product anthocyanin in the extracts of leaves, stems,
and green fruits of SN (data not shown). Taken together, our
results suggest that the anthocyanin existed only in the purple
fruits of SN.

AU565 Was More Sensitive to the Water Extract of Solanum
nigrumLinn Leaf. In this study,we firstmade thewater extracts of
SN leaf, stem, or fruit for comparison of their cytotoxic effects.
Comparison of the toxicity to liver cancer (Hep-G2 cells), breast
cancer (MCF-7 andAU565 cells), and relative normal cells (NIH-
3T3 andHBL-100 cells) showed that SN raw fruit exhibitedmore
toxicity to NIH-3T3 (data not shown). SN stem exhibited more
toxicity to immortalizedHBL-100 breast epithelial cells (data not
shown). SN leaf extracts exhibited relatively low toxicity to NIH-
3T3, whereas AU565 breast cancer cells showed the most sensi-
tivity to SN leaf extract unexpectedly (Figure 3A). Here, we tested
how SN leaf affected AU565. After 10 μg/mL treatment for 24 h,
the cell viability of AU565 decreased to about 55%. In compari-
son with other cell lines, this cell line was most sensitive to the

Figure 4. SN leaf treatment below 25μg/mLwould not induce apoptosis, analyzed by DAPI stainingg and flocytometer. (A)Nucleus of AU565was stained by
DAPI and observed by fluorescencemicroscope: (a) normal nucleus; (b)DNA fragmentation of apoptotic nucleus; (c, d) nuclear observation of AU565 treated
by 0 and 25 μg/mL SN leaf for 48 h (400� original magnification). (B) Cell cycle distribution was assessed by flow cytometry. All values were expressed as
mean( SD (* indicates the values are significantly different from the control (/, p < 0.05; //, p < 0.01; ///, p < 0.001), ng 3. (C)Morphological changes of
AU565 cells were induced by SN leaf for 72 h. AU565 cells were treated with different concentrations of SN leaf for 72 h. Themorphological changes in AU565
cells were noted by light microscopic observation. (100� or 1000� original magnification): (a, b) 0 μg/mL; (c, d) 25 μg/mL; (e, f) 50μg/mL; (g, h) 100 μg/mL
(a, c, e, and g were 100� original magnification; b, d, f, and h were 1000� original magnification).
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water extract of SN leaf. This suggested that SN leaf may have
chemotherapeutic potential in AU565 breast cancer, and for such
reason we chose AU565 for further studies to determine if the
cytotoxic effect of SN leaf in AU565 was dose and time depen-
dent. Various doses of SN leaf (0, 5, 10, 15, 20, 25, 50, 100 μg/mL)
were used for different time lengths (6, 12, 18, 24, 48, 72 h), and
the cell viability was analyzed by MTT assay as shown in
Figure 3B. The decrease of cell viability started at the dose of
5 μg/mL and at the time of 12 h.When treated with 10 μg/mL SN
leaf, the cell viability decreased to about 50% at the time of 18 h.
However, no more toxic effect was observed after treatment for
longer times (18-72 h) or with higher doses (10-25 μg/mL).

SN Leaf Did Not Induce AU565 Cells into Cycle Arrest or

Apoptosis below 25 μg/mL. To identify whether SN leaf induced
AU565 into cycle arrest or apoptotic cell death, first, DAPI was
used to stain the nucleus; nuclear morphology was observed
because apoptosis could be characterized byDNA fragmentation
and chromatin condensation. Compared with the control group,
Figure 4A showed no significant difference in the nuclear mor-
phology observation in the SN leaf treated group.

Second, as shown in Figure 4B, the sub-G1, G1, or G2 phase
observed by PI staining and flow cytometer was not significantly
different between control and SN leaf treated groups. Third,
Figure 4C shows no more apoptotic bodies were observed when
compared with control group. Fourth, as our data show in
Figure 6, the apoptosis-related protein, c-PARP, did not change.
These results indicate that below 25 μg/mL SN leaf treatment did
not induce a typical apoptosis in AU565 cells. These observations
indicate that no apoptotic effect was initiated in AU565 cells in
response to the SN leaf treatment below 25 μg/mL.

SN Leaf-Induced Autophagic Cell Death in AU565 Cells. Non-
apoptotic programmed cell death is principally attributed to
autophagy (type II programmed cell death). Autophagy is a
series of biochemical steps through which eukaryotic cells
commit suicide by degrading their own cytoplasm and orga-
nelles through a process in which these components are engulfed
and then digested in double membrane bound vacuoles called
autophagosomes (15). To determine whether the SN leaf treat-
ment will induce autophagy, cells were stained with MDC to
detect AVO formation. Figure 5A shows the punctuated MDC
positive cells at 25 μg/mL SN leaf treatment as compared to
control. Figure 5B shows that after treatment with 25 and
100 μg/mL SN leaf, AVO formation increased to about 42
and 45% at the time of 12 h with a great variation in indepen-
dent experiments. TheAVOpositive cells decreased after 18 h of
treatment. To confirm the contribution of autophage in the SN
leaf-induced cell death, we used the autophagy inhibitor 3-MA,
a class III-PI3K inhibitor, to inhibit the autophagy. The MTT
assays show that 1 mM 3-MA could partially prevent SN leaf-
induced cell death (Figure 5C). On the basis of these data, we
concluded that SN leaf could induce AU565 cells to undergo
autophagic cell death.

Effect of SN Leaf on the Intracellular ATP Concentration.

Autophagic sequestration has previously been shown to correlate
positively with intracellular ATP levels (24), suggesting a require-
ment for energy. To check whether SN leaf might induce
autophagy by altering the intracellular ATP concentration, we
measured the ATP level with anATPase lighting kit. As shown in
Figure 5D, the ATP content slowly reduced to about 60% when
compared to control. This result suggested that SN leaf treatment

Figure 5. SN leaf treatment induced autophagic vascular organelle (AVO) formation between 6 and 18 h. (A) After treatment with various concentrations of
SN leaf for different times, cells were stained with MDC. The punctuated MDC positive cells increased after 6 h and decreased after 18 h of treatment. (a, c)
0 μg/mL as control; (b, d) 25 μg/mL; (a, b) 400� original magnification; (c) field enlarged from a; (d) field enlarged from b. (B)Quantification of MDC-positive
cells after 0, 25, and 100μg/mLSN leaf treatment. ng 3. (C) 3-MA decreases SN leaf-induced cell death. Cells were exposed toDMSO, 10μg/mL, SN leaf, or
cotreatment with 3-MA (1mM) for 24 h. Cell viability was analyzed byMTT assay. (D) ATP level reduced in AU565 after SN leaf treatment. AU565was treated
with 25 μg/mL SN leaf. The ATP level decreased slowly to about 80% before 18 h. At 24 h, the ATP content was down to about 60%. The percentage was
compared to DMSO-treated control. All values are expressed asmean(SD (/ indicates the values are significantly different from the control: /, p < 0.05; //,
p < 0.01; ///, p < 0.001), n g 3.
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may affect mitochondria and then decrease the ATP level in cells.
Still other possibilities may contribute to such an effect.

Below 25 μg/mL SN Leaf Treatment, the Level of LC-3 in

AU565 Cells Increased before 12 h, but Decreased after That,

Accompanied with the Raising of Phospho-Akt.We next tested the
protein level of LC3, the protein marker of autophagy. Figure 6A
shows that after 25 μg/mL SN leaf treatment, the LC-3 level
increased with a peak at 6-12 h and then decreased after 12 h.
The level of p-Akt and p-mTOR(autophagy and apoptosis negat-
ive regulator) did not change before 12 h, but increased signifi-
cantly after 18 h of treatment with SN leaf. Figure 6B shows that
at 12 h of treatment the LC-3 level increased dose dependently,
but other proteins, including p-Akt and p-AMPK, did not change
significantly. At 24 h, the LC-3 level did not change after
0-25 μg/mL SN leaf treatment, and the level of p-Akt and
p-mTOR increased dose dependently. Regardless of time or dose
test, p-AMPK, an autophagy positive regulator, did not change

significantly. These results suggested the SN leaf induced auto-
phagy in AU565 cells, but the mechanism seemed not related to
the down-regulation of p-Akt or the up-regulation of p-AMPK.

A Higher Dose, 100 μg/mL, of SN Leaf Treatment Induced Cell

Death by Autophagy or/and Apoptotic Mechanism. Before, the
studieswere focused on the dose below25μg/mL thatwould induce
autophagy but not apoptosis.Here is shown the response ofAU565
cells after higher doses of SN leaf treatment (50, 100 μg/mL).

When the concentrations increased from 25 to 100 μg/mL (for
48 h), the cell viability values of 100 μg/mL decreased 20%
compared to the values of 25 μg/mL (Figure 7A). As shown in
Figure 7B,C, the cells stop growth (50 μg/mL) and about 20% are
dead (100 μg/mL) after SN leaf treatment. After 100 μg/mL SN
leaf treatment for 48 h, the protein level of LC-3 and c-PARP
was increased, but the level of p-Akt decreased (Figure 7D). After
100 μg/mL SN leaf treat, the cells’ morphology (Figure 4D)
changed; the corpse looked withered and showedmore apoptotic

Figure 6. Effects of SN leaf on the LC3, p-AMPK, p-mTOR, p-Akt, and c-PARP in AU565 cells. (A) Cells were treated with 25 μg/mL SN leaf for the indicated
times and then subjected to Western blotting. (B) Cells were treated with SN leaf at a concentration of 0, 5, 10, 15, 20, or 25 μg/mL for 12 or 24 h and then
subjected to Western blotting. The experiment was performed three times with each antibody, with each yielding similar results. Actin was used as an internal
control for equivalent protein loading. The values below the figures represent the change in protein expression of the bands normalized to actin.
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bodies. Moreover, after a treatment with high concentration
(100 μg/mL) of SN leaf for 48 h, an increased proportion of
apoptotic cells was observed (Figure 7E). The ratio of cells at the
sub-G1 phase was increased to 46.4% when AU565 cells were
exposed to 100 μg/mL SN leaf for 48 h, respectively. The results
above indicated that long time treatment with 100 μg/mL SN
leaf could induce cell death by autophagic and/or apoptotic
mechanism.

Effects of Phytocompounds on Cell Viability of AU565 Cells.

The exact autophagy inducer in SN leaf is still unknown. Some
known pure compounds that may exist in SN leaf, including
coumaric acid, ferulic acid, vanillic acid, cinnamic acid, proto-
catechuic acid, caffeic acid, syringic acid, chlorogenic acid, gallic
acid (Table 1), naringenin, rutin, catechin, R-chaconine, solanine,
and diosgenin, were chosen to test their effect in AU565 cells
(9, 13). Cell viability was decreased by gallic acid, R-chaconine,
solanine, anddiosgenin (Figure8A).Themostabundantpolyphenols

in the leaf extracts were gentisic acid, luteolin, apigenin, and kaemp-
ferol (Table 1). Furthermore, the fourphytochemicalswere chosen to
test their effect in AU565 cells. Cell viability was decreased by four
phytochemicals (Figure 8B). To determine whether the four phyto-
chemical treatments will induce autophagy, cells were stained with
MDC to detect AVO formation. The AVO positive cells increased
after luteolin or apigenin treatment (Figure 8C). On the basis of these
data, we concluded that the SN leaf induced autophagy may not be
simply due to one compound effect, and itmay be a synergistic effect
of more compound cooperation.

DISSCUSSION

S. nigrum Linn has been reported to have many anticancer
effects, including apoptosis inMCF-7 breast cancer and Hep-G2
liver cancer cells, necrosis in SC-M1 stomach cancer cells, and
autophagy in Hep-G2 cells. In our studies, we first compared
different parts of SNand identified that SN leafwasmore toxic to

Figure 7. High dose of SN leaf-induced apoptosis and autophagic cell death in AU565 cells. (A) Cell growth inhibition was determined by MTT assay. Cells
were treated with 50 and 100 μg/mL SN leaf for 24, 48, and 72 h. The number of viable cells after treatment is expressed as a percentage of the vehicle-only
control. Data are means of three independent experiments. Bars represent(SD. (B, C) The cytotoxic effect of SN leaf on AU565 cells was determined using
the trypan blue dye exclusion assay, as described under Materials and Methods, and was expressed in terms of the percentage of dead cells as the mean(
SD of three experiments. (D) 100 μg/mL SN leaf treatment may induce not only autophagy but also apoptosis. After 48 h of SN leaf treatment, autophagic
marker LC3 and apoptotic marker c-PARP increased slightly at 100 μg/mL accompanied with the decreased of p-Akt. Immunoblotting with β-actin antibody
demonstrated an equivalent protein in each lane. (E) Cell cycle distribution was assessed by flow cytometry. All values are expressed as mean ( SD
(/ indicates the values are significantly different from the control: /, p < 0.05; //, p < 0.01; ///, p < 0.001), n g 3.



Article J. Agric. Food Chem., Vol. 58, No. 15, 2010 8707

AU565 breast cancer cells and moderate to NIH-3T3 fibroblasts.
Other cell lines such as Hep-G2, MCF-7, and HBL-100 had
similar viabilities between AU565 and NIH-3T3 after treatment
with SN leaf. These results suggest that SN leaf preferentially
inhibited the growth of HER2/neu-overexpressing breast cancer
cell lines (AU565) but not the cell lines expressing basal levels of
HER2/neu (MCF-7, HBL-100). These results will provide new
information for the study of SN in the future. Numerous studies
had demonstrated that polyphenols isolated from many plants
exhibit diverse biological activities including immunomodulation
and anticancer activities (25, 26). Chow et al. have shown poly-
phenol patterns in SN; however, the content of the possible
bioactive components (polyphenols) in SN was not investigated
thoroughly(13). Because we used ethyl acetate extraction for
HPLC analysis, the content of polyphenols in our current study
might be more than that from the water extraction used in
previous studies (13). In this study, we found that SN leaf consists
of 11 flavonoids (EGC, EC, EGCG, GCG, rutin, narigenin,

luteolin, quercetin, apigenin, kaempferol, hesperetin) and 8
phenolic acids (gallic acid, protocatechuic aicd, gentisic acid, caf-
feic acid, syringic acid, p-coumaric acid, ferulic acid,m-coumaric
acid) and some unknown polyphenols (Table 1). Apigenin was
detected only in SN leaf, not in SN stem and green fruit. Themost
abundant polyphenols in the leaf extracts were gentisic acid,
luteolin, apigenin, kaempferol, and m-coumaric acid. The anti-
oxidant and antitumor activities of these extracts have been sug-
gested to be due to the presence of polyphenol constituents. In
addition topolyphenol content,we also have studied anthocyanin
composition in SNE. However, the anthocyanin existed only in
the purple fruits of SN.

Moreover, our results also demonstrated a significant cyto-
toxic effect of SN leaf on AU565 cells that was mediated via two
mechanisms depending on the exposure concentrations. A low
dose (<25 μg/mL) of SN leaf could induce autophagy but not
apoptosis. Higher doses (>100 μg/mL) of SN leaf could induce
cell death by autophagic and apoptotic mechanisms. However,
the molecular basis for the different effects responding to high
and low concentrations of SN leaf needs further investigation.
There might be cross-talk between the pathways of apoptosis and
autophagy

Nonapoptotic cell death is mainly attributed to autophagy,
which is considered to be an alternative way to kill tumor cells
when the cells are chemoresistant on the basis of ineffective apo-
ptosis. A number of studies have reported that autophagy is acti-
vated in cancer cells in response to various anticancer therapies,
such as tamoxifen in breast cancer cells, Temozolomide (TMZ, a
DNA alkylating agent), and arsenic trioxide in malignant glioma
cells (22). As for natural products, resveratrol, a phytoalexin that
is present in grape nuts and red wine, induced autophagy in
ovarian cancer cells, and soybean B group triterpenoid saponins
caused autophagy in colon cancer cells (13). The results of the
present study add SN leaf to the list of natural products that
possess autophagic effects in addition to its apoptotic effect.

In AU565 cancer cells, SN leaf-treated cells were able to be
stained with acridine orange, a specific marker for autophagic
vacuoles (Figure 5A). Confirmatory experiments were performed
with anti-LC3 antibody showing that SN leaf stimulated the
expression of LC3 protein (Figure 6). Furthermore, we also
demonstrated that 3-MA could block SN leaf-induced cell death
(Figure 5C). Autophagy responses increased significantly after 6 h
of treatment with SN leaf. Autophagy responses gradually
decreased after reaching their peak at 18 h (Figure 6). The reasons
why the autophagy responses decreased after SN leaf treatment
(>18 h) are not yet clear. It is possible that when excessive
autophagy cannot overcome the cell death stimulation, apoptotic
cell death does occur and autophagy response decreases (27).

Chow et al. showed that the SN (2 mg/mL) treatment induced
the down-regulation of p-Akt and that the SN treatment induced
autophagy inHep-G2 cells (13). Our data did not show the down-
regulation of AKT level as a key determinant of autophagy
induction by SN leaf (Figure 6). In our studies, 100 μg/mLSN leaf
treatment had similar results as the reduced level of p-Akt accom-
panied with the increasing level of LC-3 (Figure 7D), but the low
dose (25 μg/mL) of SN leaf treatment increased the p-Akt level
(Figure 6A). In previous studies, it has been shown that rapamy-
cin, an inhibitor of mTOR, induces autophagy (28). It is inter-
esting that SN leaf increased AKT phosphorylation, a feature
that resembled rapamycin in that rapamycin binds and inhibits
mTOR enzymatic activity but through a feedback loop up-
regulates AKT expression and activity (29-32). Because SN leaf
did not affect mTOR phosphorylation status, whether it directly
inhibits mTOR enzymatic activity or interferes with mTOR com-
plex formation with Raptor should be investigated. Therefore,

Figure 8. AU565 cells were treated with 25 μg/mL polyphenols and
alkaloids. (A, B) Polyphenols included coumaric acid (cou-A), ferulic acid
(F.A.), vanillic acid (V.A.), cinnamic acid (Cin. A.), protocatechuic acid
(P.A.), caffeic acid (C.A.), syringic acid (S.A.), chlorogenic acid (Chlo.A.),
gallic acid (G.A.), naringenin (N.giN), rutin, catechin luteolin (Lut), apigenin
(Api), and kaempferol (Kae). Alkaloids included R-chaconine, solanine,
diosgenin (D.geN). Cell growth inhibition was determined by MTT assays.
The number of viable cells after treatment is expressed as a percentage of
the control. (C) After treatment with SN leaf, gentisic acid, luteolin, apige-
nin, or kaempferol for different times, cells were stainedwithMDC. Data are
means of three independent experiments. Bars represent the ( SD.
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the molecular mechanisms of a lower dose of SN leaf induced
autophagy in AU565 cells deserve further investigation.

In summary, we have identified two distinct antineoplastic
activities of SN leaf in breast cancer cells, the abilities to induce
apoptosis and autophagocytosis. The results support further
investigation of its merit as a potential drug candidate for therapy
of caspase-resistant recurrent breast cancer, either as a single
modality or in combination with other drugs.
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