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Solanum nigrum L. (SN) has been used in traditional folk medicine to treat different cancers. It is
also used as a hepatoprotective and anti-inflammatory agent. In this study, we demonstrated that
the extract of SN (SNE) induced a strong cytotoxic effect toward HepG2 cells but much less to Chang
liver and WRL-68 cells. The mechanisms of the cytotoxic effect were concentration-dependent. High
doses of SNE (2 and 5 mg/mL) induced apoptotic cell death in HepG2 cells, as evidenced by increases
in the expressions of p-JNK and Bax, mitochodrial release of cytochrome ¢, and caspase activation.
On the other hand, cells treated with low concentrations of SNE (50—1000 ug/mL) revealed
morphological and ultrastructural changes of autophagocytic death under electron microscopic
observation. Furthermore, these cells showed increased levels of autophagic vacuoles and LC3-I
and LC3-Il proteins, specific markers of autophagy. The levels of Bcl-2 and Akt that have been
implicated in the down-regulation of autophagy were decreased upon SNE treatment. Taken together,
these findings indicate that SNE induced cell death in hepatoma cells via two distinct antineoplastic
activities of SNE, the ability to induce apoptosis and autophagocytosis, therefore suggesting that it
may provide leverage to treat liver cancer.

KEYWORDS: Solanum Nigrum Linn; apoptosis; autophagy; acidic vesicular organelle; antineoplastic
activity

INTRODUCTION Solanum nigruni.. (SN) is an herbal plant indigenous to Asia

Hepatocellular carcinoma (HCC) is a deadly disease with poor @1d grows wildly and abundantly in open fields. It has been
prognosis and a 5 year survival rate of about 5%. It is one of used in trad|t|0|jal Or_|ental medicines f_or treating \_/arlous_k_lr_lds
the most common human malignancies in sub-Saharan Africa,Of tumors and is believed to have various b|olog|ca_l activities
South East Asia, and China. Although the incidence of HCC is (2)- For examples, SN has been used to cure hepatic cancer for
generally lower in developed countries such as the United States 2 10ng time in Oriental medicine3]. Previous investigations
France, the United Kingdom, and Japan, it has increased have shown that extracts of SN suppressed the OX|dant-med|_ated
significantly over the past decadd)( According to World ~ DNA—sugar damage (3), and the plant exerted cytoprotection
Health Organization statistics, of 6350000 cancer cases reportec?d@inst gentamicin-induced toxicity on Vero cellé) (and
each year, 4% are HCC, 42% of which occur in China. @ntineoplastic activity against Sarcoma 180 in migg More
Traditional treatment of liver tumors typically has been surgical €cent studies revealed that extracts of SN induced apoptosis
resection and chemotherapeutics. However, these commonlyln MCF-7 cells @) and inhibited 129-tetradecanoylphorbol-
used techniques are frequently challenged in view of metastasisL3-acetate-induced tumor promotion in HCT-116 céjs The
and other pathological changes. Therefore, the development ofethanol extract of dried fruits of SN had a remarkable hepato-

new agents for hepatocellular cancer is important to reduce theProtective effect in CGtinduced liver damage’). These studies
mortality caused by this disease. suggest that SN possesses a beneficial activity as an_ant|OX|dant
and antitumor-promoting agent, although the mechanism for the
* To whom correspondence should be addressed. ¥8B6-4-24730022 activity remains to be elucidated.
ext. 11676. Fax:+886-4-23248195. E-mail: fpchou@csmu.edu.tw. ; e . ; :
¥ Department of Radiation Oncology, Chung Shan Medical Universiy 11 Chinese traditional medicine, SN is believed to have
Hospital. antitumor properties against many types of cancer, including
ChT lnstgtrllte 0'\; %}QCT%mi_Stry _f;md Biotechnology, College of Medicine, |iver cancer, breast cancer, lung cancer, stomach cancer, colon
ung an Medical university. . .
$ Department of Anatomy, Chung Shan Medical University. cancer, _a_nd bladder cancer, and is also used as a hepatoprotectwe
' Research Institute of Biotechnology, Hungkuang University. and anti-inflammatory agent, although the mechanism for the
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activity remains to be elucidated,@). The latest report revealed  Taple 1. Dry Weight, Polyphenol, Polysaccharide, and Protein Content
that the ethanol extract of dried fruits of SN has a remarkable of Water Extract of SNE
hepatoprotective effect against G@hduced liver damage (7).

This study developed some understanding of the effects of SN SNE %
on liver cancer cells to evaluate its therapeutic application in dry weight 23.13+2.095
treating liver cancer. po:yphenl?l ’ 20-321022;
. . polysaccharide 1492 + 1.
SN has been reported to contain many polyphenolic com- protein 481 %0422

pounds, mainly flavonoids and steroids. The antioxidant and
antitumor activity of SN may be due to the presence of

polyphenolic constituents. The presence of steroidal glycosides,yere acquired in a/zrange of 108-1000, with five microscans and
steroidal alkaroids, steroidal oligoglycosides, solamargine, anda maximum ion injection time of 200 ms. The SIM analysis was a
solasonine has also been detected (8). narrow scan event that monitored timézvalue of the selected ion, in

The purpose of this work was to study the effects of SN on a range of 1.0 Th centered on the peak for the molecular ion; this
liver cancer cells to evaluate its therapeutic potential in treating function was used in the analysis of molecular ions of the flavonoids
liver cancer. In this report, we describe experiments that showedfor MS/MS in negative ESI modes. The MS/MS fragment spectra were
that water extracts of SN induced programmed cell death in produced using normalized collision energies with an increment of 30%
liver cancer cells. The death mechanism was characterized,"’md also with wideband activation "off" (10).

lina that SN not onlv initiated tosis but al d Cell Culture and SNE Treatment. HepG2, a human liver cancer
revealing tha not only initiated apoptosis but also cause cell line; WRL-68, a human fetal liver cell line; Chang liver, a human

cell death through autophagocytosis (type Il programmed cell jjer cell line; 3T3-L1, mouse embryonic fibroblast; MCF-7, human
death). The results of this investigation provide scientific preast adenocarcinoma; MDA-MB-231, human adenocarcinoma (grade
evidence for the application of this herbal medicine in liver |1); and AGS, human gastric adenocarcinoma, were obtained from
cancer therapy. ATCC (Manassas, VA). HepG2, WRL-68, 3T3-L1, MCF-7, and MDA-
MB-231 cells were cultured in Dulbecco’s modified Eagle’s medium
(Life Technologies, Grand Island, NY) supplemented with 10% fetal
bovine serum (FBS), 2 mM glutamine, 100 U/mL penicillin, 200 mg/
Preparation of Extracts of SN (SNE).The whole plant of SN was mL streptomycin sulfate, 0.1 mM nonessential amino acid, and 1 mM
collected from the mountain in Miaoli, Taiwan. The plants were washed, sodium pyruvate. Chang liver cells were cultured in Basal medium
cut into small pieces, shade-dried for 3 days, and then dried overnight Eagle (Sigma, Steinheim, Germany) supplemented with 10% calf serum,
in an oven. The dried SN (800 g) was mixed with water (5000 mL) 100 U/mL penicillin, and 100 mg/mL streptomycin sulfate. AGS cells
for 30 min and subjected to continuous hot extraction (XD040 min). were cultured in 90% Ham'’s F-12K medium supplemented with 10%
The resulting water extract was filtered and subsequently concentratedFBS. All cell cultures were maintained at 3T in a humidified
with a water bath (90C) until it became creamy and was dried in an  atmosphere of 5% CQOFor SNE treatment, appropriate amounts of
oven (70°C) that finally gave 185 g (23.125% of initial amount) of  stock solution (100 mg/mL in culture medium) of SNE were added to
powder (water extract of SN). The concentration used in the experiment the cultured cells to achieve the indicated concentrations and then

MATERIALS AND METHODS

was based on the dry weight of the extract.

Determination of Total Phenolics, Polysaccharide, and Protein.
The concentration of total phenols was analyzed according to the-olin
Ciocalteu method9). Briefly, SNE (0.1 mg) was dissolved in a test
tube with 1 mL of distilled water, and FolinCiocalteu reagent (2 N,
0.5 mL) was then added and mixed thoroughly. After an interval of 3
min, 3 mL of 2% NaCO; solution was added, and the mixture was
allowed to stand for 15 min with intermittent mixing. The absorbance
of the mixture at 750 nm was measured on a Hitachi U-3210
spectrophotometer (Hitachi, Tokyo, Japan) with gallic acid as the

incubated for the indicated time periods. In timeourse experiments,
the cells were treated with SNE of 10, 50, 100, and 560nL and 1,
2, and 5 mg/mL for the indicated periods.

Determination of Cell Viability [3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium Bromide (MTT) Assay]. To evaluate the cyto-
toxicity of SNE, the MTT assay was performed to determine the cell
viability (11). Cells were seeded in 24 well plates at a density of 3.5
x 10* cells/well and treated with SNE at-® mg/mL concentration at
37°C for 24 and 48 h. In inhibition experiments, cells were pretreated
with 2 mM 3-MA. After the exposure, media were removed, and the

standard. The contents of polysaccharide and protein in SNE were cells were washed with phoshate-buffered saline (PBS). Thereafter, the

determined using the pheredulfuric acid method and Bio-Rad protein
assay Kkit, respectively.
Characterization of Phenolic Compounds of SNEAnalyses were

medium was changed to the one containing AQAMTT (5 mg/mL)/
well for another 4 h incubation. The viable cell number per dish was
directly proportional to the production of formazan, which was

performed on a Finnigan Surveyor Modular HPLC system (Thermo solubilized in isopropanol, and was measured spectrophotometrically
Electron Co., United States). The chromatographic separation of the at 563 nm.

compounds was achieved using an analytical column: Luma 18- Flow Cytometric Analysis. Cells synchronized at the,@hase by

(2) 150 mmx 2.0 mm and guard column, SecurityGuard C18 (ODS) serum starvation for 24 h were incubated in fresh medium containing
4 mm x 3.0 mm i.d. (Phenomenex, Inc., Torrance, CA) at a flow rate 10% v/v FBS to allow the progression through the cell cycle. At various
of 0.2 mL/min. Mobile phases A and B were water and acetonitrile, time periods after relief of the quiescent state, the cells were analyzed
respectively, both containing 0.1% formic acid. Gradient elution was for cell cycle distribution by flow cytometry 1Q). After various
conducted as follows: 0—15 min of 5% B, +50 min of 5-40% B, treatments, HepG2 cells were treated with trypsin and RNase and then
and 50—55 min of 46:95% B with a linear gradient, followed by 55 stained with propidium iodide (PI). The cell cycle distribution was
65 min of 95% B isocratic. A photodiode array detector was operated presented as the number of cells vs the amount of DNA as indicated
at wavelengths between 220 and 400 nm. The system was coupled tdy the intensity of fluorescence, and the extent of apoptosis was
a Finnigan LCQ Advantage MAX ion trap mass spectrometer and determined by counting cells of DNA content below the Sub-G1 peak.
operated in electrospray ionization (ESI) mode. Samples qfl26f Western Blot Analysis. After the indicated SNE treatment, the
extracts were directly injected into the column using a Rheodyne (model medium was removed, and the cells were rinsed with PBS twice. After
7725i) injection valve. The ESI source and negative ionization mode the addition of 0.1 mL of cold radioimmunoprecipitation assay buffer
were used with different fragment voltages. Nitrogen was used as the and protease inhibitors, the cells were scraped followed by a vortex at
nebulizing and drying gas. The typical operating parameters were as0 °C for 10 min. The cell lysate was then subjected to a centrifugation
follows: spray needle voltage, 5 kV; ion transfer capillary temperature, of 1000@ for 10 min at 4°C. Resultant protein samples were separated
300 °C; nitrogen sheath gas, 40; and auxiliary gas, 5 (arbitrary units). in a 12.5% polyacrylamide gel and transferred onto a nitrocellulose
The ion trap contained helium damping gas, which was introduced in membrane as previously described. The blot was sequentially incubated
accordance with the manufacturer's recommendations. Mass spectravith 5% nonfat milk in PBS fo1 h toblock nonspecific binding, with
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Figure 1. (A) HPLC/UV chromatogram (278 nm) of the water extract of SNE. Polyphenolic compounds correspond to peaks 1-7 in part B are marked.
(B) lon chromatograms extracted at m/z corresponding to the molecular mass of the identified phenolic compounds. Peaks: 1, gallic acid; 2, proto
catechuic acid (PCA); 3, catechin; 4, caffeic acid; 5, epicatechin; 6, rutin; and 7, naringenin.

a polyclonal antibody against phospho-JNK, hospho-Akt (Cell Signaling labelled AVO, such as autophagosomes. A typical acridine orange-

Tech., MA), Bax, cytochrome, caspase 3, Bcl-2 (Senta Cruz, CA), positive cell exhibited granular distribution of acridine orange in the

or LC3 (kindly provided by Drs. Yoshimori and Mizushima, National cytoplasm, indicative of autophagosome formation.

Institute for Basic Biology, Okazaki, Japan) for 2 h and then with an Statistical Analysis. Statistical significances were analyzed by one-

appropriate peroxidase-conjugated secondary antibody (Sigma, St.way analysis of variance (ANOVA) with posthoc Dunnett’s testp A

Louis, MO) for 1 h. All incubations were carried out at 3, and value of = 0.05 was considered statistically significant (Sigma-Stat

intensive PBS washing was performed between each incubation. After 2.0, Jandel Scientific, San Rafael, CA).

the final PBS wash, the signal was developed by 4-chloro-1-napthol/

3,3-o-diaminobenzidine, and the relative photographic density was ReSULTS

guantitated by scanning the photographic negatives by a gel documenta- . ) .

tion and analysis system (Alpha Imager 2000, Alpha Innotech Corp.,  Composition of SNE.To establish the composition of SNE

San Leandro, CA). from SN, the contents of polyphenol and polysaccharide were
Electron Microscopy. The cells were harvested by trypsinization, assayed, and the concentrations of polyphenolic acids were

washed twice with PBS, and fixed with 2% glutaraldehyde, 4% determined by high-performance liquid chromatography (HPLC).

paraformaldehyde, and 1% tannic acid in 0.1 mol/L cacodylate buffer, As shown inTable 1, the dry weight yield of SNE was 23.125

pH 7.4, for 25 h at £C. After they were washed with PBS, the cells 1 2 09596, consisting of 20.3% 0.967% total polyphenolics

were stained with Osm'“m.th'Ocarp(’hydraz'.deoﬁm'“m' This proce-5ing gallic acid as the standard and 14492.333% polysac-

dure was carried out by incubating cells in 1% Q@ 0.1 mol/L charide. Polysaccharide is usually associated with protein as

cacodylate buffer, pH 7.4, for 1 h followed by 1% thiocarbohydrazide ; o .
in H2O for 15 min and then 1% Os@or 15 min. Extensive washing complexes; the result indicated that SNE contained 481

of cells with distilled water was performed between each step. After 0-442% protein. HPLC analysis of the standard polyphenols
staining, the cells were dehydrated in a graded series of EtOH to 100%Showed that the retention times of gallic aicd, protocatechuic
EtOH and then immersed serially with 1:1 hexamethyldisilazane and acid (PCA), catechin, caffeic acid, epicatechin, rutin, and
absolute ethanol and pure hexamethyldisilazane for 5 min each. After naringenin were 6.2, 13.49, 31.48, 32.84, 35.61, 4.035, and 49.16
air drying from hexamethyldisilazane overnight, the cells were embed- min, respectivelyFigure 1 andTable 2). The analysis of SNE
ded in agarose gel. One micrometer thin sections were cut, and thereyealed the presence of gallic acid (2.897%), PCA (1.977%),
gels were coated with 500 A of gold in a JEOL Vacuum sputter coater catechin (2.353%), caffeic acid (1.988%), epicatechin (0.392%),
and viewed in a JEOL T300 electron microscope with scanning yin (0.836%), and naringenin (5.106%). The further identities
attgchme‘nt (JEOL, Tokyo, Japan) (13). . . of the seven components were established from recorded mass
etection of Acidic Vesicular Organelles (AVOs) with Acridine . . - )
spectra. The mass spectra of the phenolic acids are listed in

Orange Staining. To detect AVOs in SNE-treated cells, the vital o -
staining with acridine orange was performed as described previously 1able 2. The extract was stored at20 °C and used in the

(14). The treated tumor cells were stained with acridine orange, which following studies. In the present study, we have identified the
was added at a final concentration of«@/mL for 15 min. Samples contents of polysaccharides and proteins in SNE and character-
were then examined under a fluorescence microscope. Acridine orangeized seven phenolic compounds of SNE.
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Table 2. Characterization of Phenolic Compounds of SNE

peak retention assigned recovery uv [M=H]~ LC/ESI-MS?a
no. time (min) identity (%) Amax (NM) miz miz
1 6.20 gallic acid 2897+ 1.1 270, 225 168.9 125.0
2 13.49 PCA 1.977 £0.95 222, 259 153.1 108.9
3 3148 catechin 2.353+1.05 230, 229 289.1 245.2,205.1
4 32.84 caffeic acid 1533 +0.63 256, 354 178.9 135.0
5 35.61 epicatechin 1.988 +0.49 230, 279 289.0 245.1
6 40.35 rutin 0.836 £0.32 256, 354 609.2 301.1,343.1
7 49.16 narigenin 5.106 + 2.01 231, 288 2711 150.9,177.1

aMS? run with 30% collision energy.

-

Cytotoxic Effects of SNE on HepG2 CellsIn this study,

we first determined the cytotoxicity of SNE by treating HepG2, 120 24h

WRL-68, and Chang liver cells with SNE at various concentra- ?

tions for 24 and 48 h followed by MTT assay. The human ‘g 100

hepatic cell line WRL-68 has a morphological structure similar < g0

to hepatocytes and hepatic primary cultures. Derived from fetal 0\3

liver, WRL-68 cells secreta-fetoprotein and albumin, preserve S 60

the activity of some characteristic or specific liver enzymes (i.e., )

alanine aminotransferase, aspartate aminotransferaatamyl g - ‘(’:Vran'siiver

transpeptidase, and alkaline phosphatase), and exhibit a cytok- = 209 HepG% 2

eratin pattern similar to other hepatic cultures, providing an in ©

vitro model to study the toxic effects of xenobiotick5]. control 16 50 100 500 1000 2000 5000
The addition of SNE exerted a cytotoxic effect in a dose- SNE (ug/mi)

and time-dependent manndtigure 2A,B). Following a 24 h B

incubation with 5Q:g/mL SNE in HepG2 cells, the cytotoxicity 48 h

was around 22:+27.4% (Figure 2A). However, when 160 3 120

5000 ug/mL extract was added, a significant increase in £ 100

cytotoxicity was observed. Furthermore, a time-dependent § 80

increase in SNE-induced cytotoxicity was also deteckegiure \2 60

2B). The strongest potency of SNE on the cytotoxicity of cells <

was toward HepG2 liver cancer cells. The concentration of SNE E 40 \

on the inhibition of 50% of HepG2 cells viability (Kg) was S 20 {—— wRLes8 et

0.625 mg/mL. However, the Kg values of SNE to the death = o : ﬁ:aggzﬁver A i

of Chang liver (human liver cells; K, 3.2 mg/mL SNE) and 3 P

WRL-68 (human fetal liver cell; 16, 3.0 mg/mL SNE) were control 10 50 100 500 1000 2000 5000

5.12- and 4.8-fold higher than that of HepG2 cells, indicating SNE (ug/mi)

that SNE is less cytotoxic to normal cells. As compared to C

normal liver cells, SNE seems to have a stronger death effect 120 48h

toward liver cancer cells, HepG2. We further determined the K

cytotoxicity of SNE on other normal cells, 3T3-L1, and cancer 'g' 100 ﬁy\ﬁ

cells, MCF-7, MDA-MB-231, and AGS, at various concentra- S a0 R\\‘\j

tions for 48 h followed by MTT assay. The results indicated g N AN

that SNE is more cytotoxic to tumor cells. s 60 N
SNE-Induced Apoptotic Death of HepG2 Cells.HepG2 % 40 || —=— 373

cells treated with 2 and 5 mg/mL SNE for 48 h showed typical 2 —— MCF-7

apoptotic features: cell shrinkage, membrane blebbing, and b 20 e 2\’122231

apoptotic bodies as observed under inverted microscopy. To ©

- . . control 1¢ 50 100 50C 1000 2000 5000
further confirm that programmed cell death was involved in SNE (ng/ml)

the cytotoxic effect of _SNE on liver cancer cells, SNE-treaFe_d Figure 2. Effects of SNE on the viability of tumor cells (HepG2, Chang
HepG2 cells were subjected to apoptosis assays by Pl Stammqiver MCF-7, MDA-231, and AGS cells) and normal cells (WRL-68 and
of nuclei as described in the Materials and Methods, and the ' ' ! )

; . 3T3 cells). Cells were treated with 0, 10, 50, 100, 500, 1000, 2000, or
fap(_)ptonc state was quantitated by ﬂO\.N cytometry. T_he results 5000 ug/mL of SNE for 24 and 48 h before they were subjected to a
g‘g:c?rt:f) ‘g}aésféefgf A,tgrger? tr‘:ﬁinrfc\;ve'tgszldghrgogft?;;rgpgno(ztg?g MTT assay for cell viability. The data were expressed as a percentage of

9 ’ prop pop the control (dose 0) and presented as means + SD from three independent

cells was observed (Figure 3A). The ratio of cells at the . . . ) i
hypodiploid phase was increased to 30.01 and 37.88% Whenexpenments. Results were statistically analyzed with Student's t-test (*P
' . < 0.05, *P < 0.01, and **P < 0.001).

HepG2 cells were exposed to 2.0 and 5.0 mg/mL SNE for 48
h, respectivelyfigure 3A). The results indicated that high doses Bcl-2 family proteins that mediate mitochondrial release of
of SNE induced apoptotic cell death in HepG2 cells. cytochromec, resulting in caspase activatioh6). We inves-
Effect of SNE on JNK Phosphorylation and Bax Protein tigated whether the SNE-induced apoptosis was modulated by
Expression.JNK plays an important role in apoptotic signaling. the activation of INK. The results showed that the cellular level
In some cell types, JNK regulates the activities of pre-existing of phospho-JNK was significantly increased to 2.65- and 2.81-
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Figure 3. Apoptosis effects of SNE on HepG2 cells. (A) HepG2 cells were treated with 0, 10, 50, 100, 500, 1000, 2000, or 5000 «g/mL of SNE for 48
h and subjected to flow cytometric analysis after Pl staining. The figure shows a representative staining profile for 8000 cells per experiment. Sub G1
was defined as apoptotic cells. The figure is representative of three independent experiments. (B—D) Effects of SNE on the expression of apoptotic
protein. HepG2 cells were treated with SNE at a concentration of 0, 500, 1000, 2000, and 5000 xg/mL for 48 h and then subjected to Western blotting
to analyze (B) p-JNK and Bax, (C) cytochrome ¢, and (D) cleaved caspase 3 expression as described in the Materials and Methods. The levels of these
proteins were subsequently quantitated by densitometric analysis; that of the control was 100%. Data were presented as means = SD from three
independent experiments. Results were statistically evaluated by using one-way ANOVA with posthoc Dunnett's test (**P < 0.01 and ***P < 0.001).

fold (P < 0.001) of the control level under a treatment of 2 2 and 5 mg/mL SNE-treated HepG2 celisqure 3C). Caspase
and 5 mg/mL SNE, respectivelfFigure 3B). Investigations of 3 is a cytosolic protein that exists normally as an inactive
the bcl-2 gene family that encodes integral membrane proteinsprecursor with higher molecular masses (32 kDa) that is cleaved
have shown a complex network regulating apoptosis in multiple proteolytically into low molecular masses (20 kDa) when the
biological systemsl(7). We examined the cellular levels of Bax cell undergoes apoptosis (19). In this study, there was an
after the treatment of SNE for 48 h in HepG2 cells. The increase in the activation of caspase 3 to 1.91-, 2.3-, and 2.45-
expressions of Bax were significantly induced by the treatment fold (** P < 0.01 and ***P < 0.001) of control level in response

of 2 and 5 mg/mL of SNE to 3.45- and 3.52-fold & 0.001), to 1, 2, and 5 mg/mL SNE treatment, respectivélig(re 3D).
respectively (Figure 3B). SNE induced apoptotic cell death in  The results indicated that addition of SNE exerted an apoptotic
HepG2 cells, as evidenced by an increase in the expression ofeffect in HepG2 cells by increases in the mitochondrial release

p-JNK and Bax. of cytochromec and activation of caspase 3.

Effect of SNE on Cytochromec Release and Caspase 3 Low Concentration of SNE-Induced Autophagic Cell
Cleavage.Because cytochromeis reported to be involved in ~ Death in HepG2 Cells.The flow cytometric dataRigure 3A)
the activation of the caspase that executes apoptd8js e showed that there was only a very small portiordfo) of

examined the level of cytochronmein the cytosol by Western ~ HepG2 cells that displayed a typical morphology of apoptosis
blot analysis. The results showed that the amount of cytosolic when the cells were exposed to low concentrations-(BID0
cytochromec increased 1.88- and 2.05-fol& (< 0.001) in the ug/mL) of SNE. At the same circumstances, the survival rates
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Figure 4. SNE-induced autophagic death in HepG2 cells. (A) Electron micrographs showing the ultrastructure of HepG2 cells treated with SNE (100
uglmL) for 48 h. (a) Control; very few autophagic vacuoles were observed in un-treated HepG2 cells. (b) SNE-treated HepG2 cells. Numerous autophagic
vacuoles (arrows) were observed. Bars a and b, 2 um; c, an ultrastructure of SNE-treated HepG2 cells at high magnification containing numerous

autophagic vacuoles (arrows). Bar ¢, 3 um. (B) After addition of SNE for 48 h, acridine orange stain of HepG2 cells showed AVOs formation in a
dose-dependent manner. Key: a, 0; b, 10; ¢, 50; d, 100; e, 500; and f, 1000 ug/mL. Bars, 50 um.

were down to 67.7 and 20% for 50 and 10Q@/mL, and accumulates in acidic compartment, where it is seen as
respectively (Figure 2B). These observations indicated that fluorescence bright re@®). As shown irFigure 4B, b—f, vital
some other death mechanism was initiated in HepG2 cells in staining of HepG2 cells with acridine orange showed the
response to the treatment of low concentrations{B000ug/ accumulation of AVO in the cytoplasm of cells exposed te-10
mL) of SNE. 1000 ug/mL of SNE. In contrast, there were relatively few
Electron microscopic characterization, which has been the AVOs in the cytoplasm of control cell§-{gure 4B, a). These
gold standard for determining the mode of cell death, was next data indicated that HepG2 cells treated with a low concentration
used to distinguish between apoptosis, necrosis, and nonapopef SNE revealed morphology and ultrastructural changes of
totic programmed cell death. Nonapoptotic programmed cell autophagocytic death and increased levels of autophagic vacu-
death is principally attributed to autophagy (type Il programmed oles.
cell death). Autophagy is series of biochemical steps through Involvement of LC3 in SNE-Induced Autophagy.LC3 is
which eukaryotic cells commit suicide by degrading their own localized in autophagosome membranes during amino acid
cytoplasm and organelles through a process in which thesestarvation-induced autophagy23). A recent investigation
components are engulfed and then digested in double membraneshowed that there are two forms of LC3 proteins in cells: LC3-I
bound vacuoles called autophagosom@8).( Transmission and LC3-Il 22). LC3-l is the cytoplasmic form of LC3 and is
electron microscopic analysis of HepG2 cells without SNE processed into LC3-II, which is associated with the autopha-
treatment revealed normal nuclear and mitochondrial morphol- gosome membrane. Therefore, the amount of LC3-Il is cor-
ogy (Figure 4A, a). On the other hand, HepG2 cells treated related with the extent of autophagosome formation. Using the
with 100ug/mL SNE for 48 h revealed extensive vacuolization, immunoblotting analysis with anti-LC3 antibody, we examined
formation of membranous whorls (also called myelin figures), the expressions of LC3-1 (18 kDa) and LC3-1l (16 kDa) in
and depletion of organelles, which are hallmarks of autophagy HepG2 cells treated with SNE. As shown kigure 5A, the
(Figure 4A, b,c). Cells undergoing autophagic cell death level of total LC3 (LC3-I and LC3-II proteins) increased in
retained an intact nuclear membrane, without chromatin con- HepG2 cells 24 h after exposure to SNE. Moreover, a marked
densation. Initiation of autophagy was associated with an increase in LC3-ll protein was also detected in these cells. These
accumulation of lipid droplets in cytoplasm (fatty change of results indicate that SNE stimulated not only the accumulation
hepatocytes) (Figure 4A, b). This event is due to a decline in of LC3 protein but also the conversion of a fraction of LC3-I
protein synthesis (vide infra), which blocks the utilization of into LC3-1l. LC3 was involved in the SNE-induced autophagy
lipids for lipid—protein conjugation and is typical of hepatocytes in HepG2 cells.
undergoing cellular stress (21). Effect of SNE on Bcl-2 Expression and Akt Phosphory-
Autophagy is characterized by AVO formation, which is lation. Autophagy is a multistep process, and various signaling
detected and measured by vital staining of acridine orange.pathways have been implicated in its up- or down-regulation.
Acridine orange moves freely to cross biological membranes Bcl-2 has also been shown to regulate autophagy in cancer cells.
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Figure 5. Involvement of LC3, Bcl-2, and p-Akt in SNE-induced autophagy
in HepG2 cells. HepG2 cells were treated with SNE at a concentration of
0, 50, 100, 500, or 1000 xg/mL for 12 h and then subjected to Western
blotting to analyze (A) LC3, (B) Bcl-2, and (C) p-Akt expression as
described in the Materials and Methods. The levels of these proteins were
subsequently quantitated by densitometric analysis; that of the control
was 100%. Data were presented as means + SD from three independent
experiments. Results were statistically evaluated by using one-way ANOVA
with posthoc Dunnett's test (*P < 0.05, *P < 0.01, and **P < 0.001).
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Figure 6. 3-MA partially blocked the SNE-induced LC3 expression and
cell death. HepG2 cells were pretreated with 2 mM 3-MA for 1 h before
SNE (0.5 mg/mL) treatment. (A) 3-MA inhibited LC3-I and LC3-I
conversion, and (B) 3-MA decrease SNE-induced cell death. The levels
of these proteins were subsequently quantitated by densitometric analysis;
that of the control was 100%. Data were presented as means + SD from
three independent experiments. Results were statistically evaluated by
one-way ANOVA with posthoc Dunnett’s test (*P < 0.05).

a serine-threonine kinase, located downstream of class | PI3K,
that activates the kinase mTOR, leading to suppression of
autophagy. We examined the level of phospho-Akt in the cytosol
by Western blot analysis. The results showed that the amount
of phospho-Akt decreased to 45, 40, and 25% of control in the
cells exposed to 100, 500, and 10@@/mL of SNE treatment,
respectively (P< 0.001) (Figure 5C). These results indicate
that Bcl-2 and Akt were involved in the SNE-induced autoph-
agy.

3-MA Partially Blocked the SNE-Induced LC3-Il Conver-
sion and Cell Death.To confirm the contribution of autophage
in the SNE-induced cell death, we used the autophagy inhibitor
3-MA, a class IlI-PI3K inhibitor, to inhibit the autophagy. The
MTT assays show that 2 mM 3-MA could partially prevent
SNE-induced cell death{gure 6B). The induction of LC3-I
and LC3-Il expression was also inhibited by 3-MRidure 6A).
On the basis of these data, we concluded that SNE could induce
HepG2 cells to undergo autophagic cell death.

d DISCUSSION

SN is a common herb that grows wildly and abundantly in

(24). We investigated whether the SNE-induced autophagy was open fields. It has been used in traditional folk medicine because
modulated by Bcl-2. The results showed that the cellular level of its diuretic and antipyretic effects. More specifically, it has
of Bcl-2 was significantly decreased to 80, 25, and 18% of that been used to cure inflammation, edema, mastitis, and hepatic

of control in the cells exposed to 100, 500, and 1g0nL of

SNE treatment, respectivelfigure 5B). Furthermore, Akt is

cancer for a long time in Oriental medicin@5). The phy-
tochemical studies revealed the presence of an alkaloid called
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solamargine, nigrum [, nigrum Il, and a glycoside named cytotoxic effects after exposure to a high concentration (2 and
solasodine (7). It has also been shown that SN contains many5 mg/mL) of SNE is caused by apoptosis and a low concentra-
polyphenolic compounds, mainly flavonoids and steroids. Our tion of SNE is caused by autophagy. However, the molecular
results showed that SNE consists of 14.92% polysaccharidesbasis for the different effect responding to high and low
4.81% protein, and 20.35% total polyphenols, such as gallic concentrations of SNE needs further investigation. There might
acid (2.897%), PCA (1.977%), catechin (2.353%), caffeic acid be a cross-talk between the pathways of apoptosis and autoph-
(1.988%), epicatechin (0.392%), rutin (0.836%), naringenin agy.

(5.106%), and unknown polyphenol3ables 1 and 2 and In summary, we have identified two distinct antineoplastic
Figure 1). The antioxidant and antitumor activity of these activities of SNE in liver cancer cells, the ability to induce
extracts have been suggested to be due to the presence afipoptosis and autophagocytosis. This response and its ability
polysaccharides and polyphenolic constituents. Nevertheless o kill these cells hint at the possibility that this agent may be
there is little conclusive evidence demonstrating the effectivenessuseful as an adjuvant therapy to treat liver tumors. These
of SN on treating already existing 50000ug/mL tumors or findings pave the way for additional experiments to consider
malignancies animals. the molecular basis for this response and studies to determine

Our results demonstrated a significant cytotoxic effect of SNE Whether adequate concentrations of bioactive SNE can be
on HepG2 cells that was mediated via two mechanisms attained to treat liver tumors.
depending on the exposed concentrations. When HepG2 cells
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