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ABSTRACT: 
Garlic has been used throughout history for both culinary and medicinal purpose. Allicin is a major component of crushed garlic. Although it is sensitive to heat and light and easily metabolized into various compounds such as diallyl disulfide, diallyl trisulfide, and diallyl sulfide, allicin is still a major bioactive compound of crushed garlic. The mortality of hepatocellular carcinoma is quite high and ranks among the top 10 cancer-related deaths in Taiwan. Although numerous studies have shown the cancer-preventive properties of garlic and its components, there is no study on the effect of allicin on the growth of human liver cancer cells. In this study, we focused on allicin-induced autophagic cell death in human liver cancer Hep G2 cells. Our results indicated that allicin induced p53-mediated autophagy and inhibited the viability of human hepatocellular carcinoma cell lines. Using Western blotting, we observed that allicin decreased the level of cytoplasmic p53, the PI3K/mTOR signaling pathway, and the level of Bcl-2 and increased the expression of AMPK/TSC2 and Beclin-1 signaling pathways in Hep G2 cells. In addition, the colocalization of LC3-II with MitoTracker-Red (labeling mitochondria), resulting in allicin-induced degradation of mitochondria, could be observed by confocal laser microscopy. In conclusion, allicin of garlic shows great potential as a novel chemopreventive agent for the prevention of liver cancer.
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Introduction

Garlic [(Allium sativum (Liliaceae)] is an ancient spice and a medicine used for centuries around the world.(1) Garlic constituents are found to possess chemoprotective and chemopreventive properties and are effective against different types of cancers such as skin,(2) digestive,(3) prostate,(4) and lung(5) cancers. Allicin (2-propene-1-sulfinothioic acid S-2-propenyl ester) is a key molecule of garlic and is responsible for the pungent smell of garlic. It is released from its nonvolatile precursor alliin (S-allyl-L-cysteine sulfoxide) by an alliinase-mediated degradation which takes place when the garlic tissues are disrupted. Allicin is unstable and is rapidly metabolized into diallyl sulfide, diallyl disulfide, and diallyl trisulfide in vivo. Allicin has been reported to inhibit the viability and proliferation of several tumors, including colon, breast, uterine cervix, and lymph tumors, suggesting that the apoptosis could be a general mechanism of action.(6)
Liver cancer is prevalent with a high mortality rate among cancers. In Taiwan, liver cancer ranks number one in males and second in females among cancer mortality in 2010. So far the therapies of liver cancer have included surgery, chemical therapy, and target therapy, but there is no perfect treatment. An alternative therapy for liver cancer is certainly needed. There are a few studies showing that allicin could induce apoptosis in liver cancer cells(7) but no report of allicin causing autophagic cell death in liver cancer cells. In this study, we focused on allicin-induced autophagic cell death in human liver cancer Hep G2 cells.
Apoptosis is characterized by apoptotic body formation, chromatin condensation, DNA fragmentation, cell cycle arrest, endoplasmic reticulum (ER) stress, mitochondrion dysfunction, and activated caspases such as caspase-3. It is also classified as extrinsic cell death that involves caspase-8, Fas, and FasL activation, intrinsic cell death which includes mitochondrial release of cytochrome c and caspase-9 activation, and caspase-independent cell death involving apoptotic-inducing factor (AIF) and endonuclease G (Endo G) release from mitochondria and translocation into the nucleus.(8)
Autophagy is an intracellular lysosome degradation and a cell self-protective mechanism of nutrient starvation. Autophagy has been involved in many physiological and pathological processes and contributes to broad mammalian diseases, such as nutrient exhaustion, infection, and metabolic disease.(9) Generally, the process of autophagy is started by a preautophagosomal structure (PAS) and then formation of a double-membrane-bound autophagosome which will receive a lysosome to become an autophagolysosome and degrade by lysosomal hydrolases. Finally, the degradation products can be reused by the cell for metabolism.(10)
Mitochondrial autophagy has been classified to be part of a nonselective regulation of autophagy and selective degradation of damaged mitochondria. Damaged mitochondria may produce ROS, decrease the mitochondrion membrane potential (ΔΨm), and release AIF, Endo G, cytochrome c, Bax, or other apoptotic protein to promote cell death.(11)Removal and degradation of the mitochondria with damaged components and dysfunction is presumed via autophagy.(12, 13)
The aim of the present study is to evaluate the chemoprotective effect of allicin against human liver cancer cell line Hep G2 and to elucidate the molecular mechanisms involved thereof.
Materials and Methods

Chemicals and Reagents
Allicin standard, dimethyl sulfoxide (DMSO), potassium phosphates, phosphate-buffered saline (PBS), 3-methyladenine (3-MA), propidium iodide (PI), ribonuclease-A, Tris–HCl, Triton X-100, and trypan blue were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). Dulbecco's modified Eagle's medium (DMEM) with 2 mM L-glutamine + 10% fetal bovine serum, penicillin–streptomycin, and trypsin–EDTA were obtained from Gibco BRL (Grand Island, NY). 2′,7′-Dichlorfluorescein-diacetate (DCFH-DA) and 3,3′-dihexyloxacarbocyanine iodide (DiOC6) were obtained from Invitrogen Life Technologies. Annexin V-FITC/PI Apoptosis Detection Kit I was obtained from BD Biosciences (San Jose, CA) (FITC = fluorescein isothiocyanate). MitoTracker-Red was purchased from Invitrogen.
Sample Preparation
Allicin was synthesized according to a published method with slight modification.(14) Briefly, 40 mL of dichloromethane with 0.08 M diallyl disulfide (DADS) was mixed slowly with 100 mL of dichloromethane containing 17.56 g (85%, 1 equiv) of m-chloroperoxybenzoic acid (mCPBA). After the mixture was stirred for 1 h, the pH was adjusted to 7.0 with 10% sodium carbonate, and the organic phase was washed twice with 150 mL of deionized distilled H2O. Anhydrous magnesium sulfate was mixed with the solvent and the resulting mixture filtered through a 0.45 μm membrane for dehydration. All the above steps were performed at 0–4 °C. The solvent was removed from the sample using a rotary evaporator, and the crude allicin was obtained. This crude allicin was further purified by column chromatography and eluted with a solvent mixture of tetrahydrofuan (THF)/n-hexane (1:10), and the solvents were again removed using a rotary evaporator at the room temperature of 25 °C to obtain 9.78 g of allicin (70% yield). The HPLC mobile phase consisted of methanol (60%)/deionized distilled H2O (40%) at a flow rate of 2 mL/min, and its absorbance was detected at 254 nm. Since the retention time of standard allicin was 12–13 min in 60% methanol conditions, pure allicin eluates were obtained by collection from 12 to 13 min in every injection of the synthesized allicin and pooled together (Figure 1). Quantitative analysis of allicin was performed using an LC-NET II/ADC Jasco system equipped with a chromatography station for Jasco-Chrompass software. To get a higher purity of allicin, the 70% allicin was separated on a semipreparative RP-HPLC column (Cosmosil 5C18-AR-II, 5 μm, 250 mm ×10 mm i.d.; Nacalai Tesque, Tokyo, Japan). The allicin purity was over 95% as determined by HPLC/UV analysis.(15) This was used to treat the Hep G2 cells.
Mass Spectrometry
Qualitative analysis was performed with an LXQ LC/MS/MS Advantage ion trap mass spectrometer (Thermo Finnigan, San Jose, CA). The MS detector was optimized by injecting a 10 μL/min flow speed of allicin standard (0.1 mg/mL in methanol) and the synthesized allicin to obtain the maximum intensities of [M + H]+ ions. The parameters optimized in the positive ion mode were as follows: sheath gas (N2) flow rate, 6 arbitrary units; auxiliary gas (N2) flow rate, 8 arbitrary units; sweep gas flow rate, 0 arbitrary units; ion spray voltage, 6.0 kV; capillary temperature, 210 °C; capillary voltage, 3 V; tube lens offset voltage, 25 V. For full-scan MS analysis, the spectral range of m/z 10–200 was recorded. In full-scan MS, a data-dependent acquisition was set so that the two most abundant ions would trigger tandem mass spectrometry (MSn, n = 2–4). The isolation width of the precursor ions was 3.0 m/z, and the collision energy for MSn was adjusted to 35% in LC/MS analysis.(16)
Cell Culture
The human liver carcinoma Hep G2 (p53wild type) cell lines were obtained from the Department of Medical Research and Education, Taipei Veterans General Hospital, Taipei, Taiwan. Hep G2 cells were cultured in a 10 cm2dish with DMEM (Gibco BRL). The cell medium with 2 mM L-glutamine was adjusted to contain 10% fetal bovine serum (Gibco BRL) and 1% penicillin–streptomycin (100 U/mL penicillin and 100 μg/mL streptomycin) and grown at 37 °C under a humidified 5% CO2 atmosphere. Adherent cells were suspended by 1 mL of trypsin–EDTA for 5 min at 37 °C.
Determination of the Cell Morphology and Viability and Examination of the Cell Vacuoles
Liver cancer cells were seeded at a concentration of 1 × 105 cells/well in a 12-well plate for 24 h and then incubated with various concentrations of allicin at 37 °C, 5% CO2, and 95% air for 24 h. The vacuoles of the cells were examined and photographed by phase-contrast microscopy for the examination of morphological changes.(17) Then the cells were harvested by centrifugation, stained with PI (5 μg/mL), and analyzed by flow cytometry (Becton-Dickinson, San Jose, CA) for viability measurements as a PI exclusion assay.(18) The cells that were treated with 0.1% DMSO were used as a control of 100% survival.(18)
Detection of the Mitochondrial Membrane Potential (ΔΨm)
Approximately 1 × 105 liver cancer cells/mL were treated with 35 μM allicin for 0.5, 1, 3, 6, and 12 h, and then cells from each treatment were resuspended in 500 μL of DiOC6 (4 μmol/L) for ΔΨm determination. Cells were incubated at 37 °C for 30 min before being analyzed by flow cytometry.
Annexin V–FITC/PI Double Staining Assay
To analyze allicin-induced apoptosis of liver cancer cells, we seeded cells at a concentration of 1 × 105 cells/well in a 12-well plate. The Hep G2 cells were treated with 35 μM allicin for 0, 3, 6, 12, and 24 h and then washed twice with PBS. Next we resuspended the cells in 1× binding buffer with 1 × 106 cells/mL and transferred 100 μL of 1× binding buffer with 1 × 105cells/mL to a 5 mL flourescence activated cell sorting (FACS) tube. The following step was performed in the dark: 5 μL of annexin V–FITC and 10 μL of PI were added. In the end, we added 400 μL of 1× binding buffer to the sample tube with analysis by flow cytometry within 1 h.(19)
Western Blot Analysis
Liver cancer cells (1 ×107 cells) seeded in a 10 cm2 dish were treated with 35 μM allicin for 0, 3, 6, 12, 24, and 48 h. The cells were harvested and lysed with lysis buffer containing 40 mM Tris–HCl (pH 7.4), 10 mM EDTA, 120 mM NaCl, 1 mM dithiothreitol, and 0.1% nonide P-40, and the protein concentrations of the cell lysate and subcellular fraction were quantitated with a protein assay kit (Bio-Rad Laboratories, Hercules, CA). The total proteins (26 μg) were used for Western blot analysis, and all samples were subjected to 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) for 60 min. Then the proteins were transferred to poly(vinylidene fluoride) (PVDF) membranes (Millipore, Billerica, MA) and incubated with primary antibodies such as (A) mTOR, TSC2, and Beclin-1 (Genetex, Irvine, CA) and (B) p53, Bcl-2, Bcl-xL, Bax, caspase-9, caspase-3, and caspase-8 (Cell Signaling Technology, Danvers, MA), washed, and incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for detection by a WesternBreeze chemiluminescent kit (Invitrogen) according to the manufacturer’s instructions. As an internal control, we used anti-β-actin (a rabbit monoclonal antibody).(20)
Confocal Laser Scanning Microscopy for LC3-II–FITC Punctate Formation
Liver cancer cells at a density of 5 × 104 cells/well were cultured on Polysine microscope adhesion slides (Cel-line, Thermo) and then treated with or without 35 μM allicin for 24 h. Then the cells on the slides were fixed in 4% paraformaldehyde in PBS for 15 min and permeabilized with 0.1% Triton-X 100 in PBS for 0.5 h with blocking of nonspecific binding sites using 2% BSA as described previously. Primary antibodies to LC3-II (1:3000 dilution) (green fluorescence) were used to stain the fixed cells overnight, and then the cells were washed twice with PBS and stained with secondary antibody (FITC-conjugated goat antirabbit immunoglobulin G (IgG) at 1:100 dilution), followed by DNA staining with 4′,6-diamidino-2-phenylindole (DAPI; blue fluorescence) as described previously. All samples were visualized using a Leica TCS SP5 II confocal spectral microscope. All image data were quantified by Image J software, which is an image-inspired Java program from the National Institutes of Health (NIH).(21)
Analysis of Colocalization of LC3-II–FITC Punctate and MitoTracker-Red Labeling
Hep G2 cells were seeded on Polysine slides and treated with 35 μM allicin for various durations. Confocal images of immunostaining against LC3-II (1:3000 dilution) and 500 nM MitoTracker-Red and DAPI staining were acquired using a Leica TCS SP5II confocal laser scanning microscope. LC3-II- and MitoTracker-Red-positive dots per cell were analyzed using Image J software.(22)
Labeling of Autophagic Vacuoles with Monodansylcadaverine (MDC)
Hep G2 cells were seeded on Polysine slides and treated with 35 μM allicin for 12 h. After allicin treatment, the Hep G2 cells were incubated for 15 min with 50 μM MDC at 37 °C and 500 nM MitoTracker-Red in live cells and then fixed immediately. Because the autofluorescence of MDC bleaches quickly, fixed Hep G2 cells must be analyzed within 2 days of fixing. MDC is an autofluorescent drug which accumulates in autophagolysosomes to measure the autophagic process.(23) All process steps were operated in the dark.
Statistical Analysis
All results are reported as the mean ± SD, and the difference between the allicin-treated and control groups was analyzed by one-way analysis of variance (ANOVA) and Duncan’s multiple comparison tests (SAS Institute Inc., Cary, NC) to determine significant differences among treatments, p < 0.05.
Results

HPLC and HPLC/MS/MS Chromatograph of Synthesized Allicin
To investigate the purity of synthesized allicin, the elution time was set at 12–13 min in 60% methanol conditions, and a 95% purity was examined with an HPLC/UV system (Figure 1A). Furthermore, the extracted ion chromatogram of (ESI(+), m/z 163.01 and 185, for synthesized allicin was confirmed by MS spectrometry (Figure 1B).
Effects of the Viability of HepG2 Cells after 12 and 24 h and Distribution of Apoptosis and Necrosis
To determine the effect of allicin on the morphology of Hep G2 cells, the vacuoles of the cells were examined with a phase-contrast microscope. The viability of liver cancer cells was measured by a flow cytometric assay (Figure 2A). Allicin treatment at 35 μM decreased the viability of Hep G2 cells after 12 and 24 h significantly. However, annexin V–FITC/PI data indicated that the allicin has no apoptosis and necrosis effect on Hep G2 cells after 12 and 24 h (Figure 2B).
Allicin Induces Autophagolysosome Formation in Hep G2 Cells
Figure 3A shows that allicin increased the fluorescence expression of MDC, which labeled autophagolysosomes in Hep G2 cells. In addition, allicin treatment of Hep G2 cells increased the LC3-II–FITC punctate formation in a time-dependent manner (Figure 3B). The results indicated that allicin induced autophagy and increased the formation of autophagosomes and autophagolysosomes in Hep G2 cells.
Effect of Allicin on Autophagy and Apoptosis-Associated Protein Levels in Hep G2 (p53wild type) Cells
Figures 4and 5 show that allicin increased the levels of Beclin-1, Bad, p-AMPK, TSC2, and Atg7 but decreased the levels of PI3K/mTOR, p-Bcl-2, Bcl-xL, and cytoplasmic p53 in Hep G2 cells. In Figure 4, our studies demonstrated that allicin induced p53-mediated autophagic cell death in liver cancer cells through activation of p-AMPK and TSC2 signaling pathways and inhibition of mTOR (mammalian target of rapamycin) and cytoplasmic p53 signaling pathways. Figure 5B shows that allicin did not activate protein expressions of caspase-3, -8, and -9 in Hep G2 cells and induced caspase-dependent apoptotic cell death.
Allicin Affects Mitochondrial Depolarization and the Mitochondrial Membrane Potential (ΔΨm)
To investigate whether allicin-caused cell death was through the mitochondrial death pathway, liver cancer cells were treated with 35 μM allicin for different durations and the level of mitochondrial membrane potential was measured by flow cytometry (Figure 6A). The results showed that allicin treatment caused a 
Allicin Induced Degradation of Mitochondrial Autophagy and Blocked Protein Induction by Allicin Treatment in Hep G2 Cells
To further investigate the type of autophagy induction of allicin, the colocalization of autophagosomes and mitochondria was examined by LC3-II–FITC punctate formation and MitoTracker-Red labeling. The results indicated that allicin increased the autophagosomes with LC3-II–FITC punctate formation and colocalized with mitochondria (Figure 6B). Furthermore, pretreatment with 3-MA could inhibit the formation of LC3-II–FITC punctate but also block the colocalization of autophagosomes and mitochondria (Figure 7A). 3-MA inhibited the allicin-induced protein expression of TSC2, Atg7, Beclin-1, and GRP78 (Figure 7B) but activated caspase-3. All data showed that allicin induced multiple potential strategies by regulating autophagy in Hep G2 liver cancer cells.
· 
Discussion

Allicin is a key bioactive component of fresh garlic. Numerous reports of allicin inducing apoptosis in various cancer cells are available.(6, 7, 24-27)From a comparison of the morphologies and cell viabilities of Hep G2 cells treated with allicin for 12 and 24 h, it could be inferred that the allicin-induced cell death and morphology changes of Hep G2 cells were not due to the phenomena of apoptosis (lower right panel) and necrosis (upper left panel) as evidenced by the annexin V–FITC/PI assay (Figure 2). In this study we employed human hepatocarcinoma cells to elucidate the mechanism of allicin against cancer, and this is the first study to demonstrate that allicin could induce p53-mediated autophagic cell death.
p53, a key molecule in DNA damage repair and a tumor suppressor protein, is involved in a multitude of biological processes, including autophagy, apoptosis, necrosis, cell cycle arrest, and metabolism.(28) Approximately 50% of human cancers exhibit p53 mutation.(29) Recently, p53 has been proved to be a powerful regulator of autophagy and to regulate the Warburg effect (the unusually high rate of glycolysis under aerobic conditions) that is prevalent in many cancers. Furthermore, p53 engages cellular autophagy in various pathways which include nutrient sensing pathways with proteins of famous function resulting in modulation of mTOR, AMPK, and TSC2. However, an increase in the cytoplasmic p53 inhibits the induction of autophagy, whereas an increase in the nuclear p53 induces autophagy in cancer, and the function has also been reported for tumor-derived mutants of p53.(28, 30)
AMP-activated protein kinase (AMPK) is a major energy sensor and controls cellular metabolism and energy homeostasis, which could promote autophagy by phosphorylation.(31) Furthermore, AMPK directly phosphorylates TSC2 (the AMPK substrate tuberous sclerosis complex 2) and enhances its activity. TSC2 is phosphorylated by ATP depletion, which not only inhibits the mTOR pathway of protein synthesis, cell viability, and cellular energy level but also could protect cells from glucose deprivation-induced apoptosis.(32) Bcl-2 and Bcl-xL are members of the Bcl-2 family of proteins which are prominent antiautophagy proteins that suppress autophagy by binding to the protein Beclin-1, which is needed for the formation of autophagosomes in autophagy.(33)
As evident in Figures 4 and 5, allicin inhibited the cytoplasmic p53, Bcl-2/Bcl-xL, Beclin-1, and mTOR and activated the Atg7, AMPK, and TSC2 proteins. More importantly, allicin increased the protein level of LC3-II, which is the major marker associated with the inner and outer limiting membranes of autophagosomes(34) by triggering autophagy in Hep G2 cells (Figure 3B).
Some studies demonstrated that cell death could be associated with the combined system of autophagy and degradation of mitochondria.(35) It was also shown that although autophagy is initiated to recycle cell life, autophagy machinery may destroy organelles and components which are the foundations of the cell, resulting in cell death.(36) However, autophagy plays a fundamental role in controlling the life of the cell. Reports of colocalization of LC3-II–FITC punctate (biomarker of autophagy) and MitoTracker-Red dye (mitochondrion tracker) by confocal microscopy indicate autophagosomes engulf the injured mitochondria. Our findings are in agreement with these reports.(13) In the present study, allicin treatment of Hep G2 human liver cancer cells induced LC3-II–FITC punctate and colocalization with mitochondria. In addition, Atg7, TSC2, and Beclin-1 gave results similar to those of pharmacological inhibition, and the colocalization of LC3-II–FITC punctate and mitochondria induced by allicin was suppressed by 3-MA (autophagy inhibitor) pretreatment (Figure 7A), which confirms the induction of autophagy by allicin in Hep G2 human liver cancer cells. More interesting, allicin induced autophagy blocked by 3-MA but triggered apoptosis in Hep G2 cells. Some studies indicated that blocking autophagy but triggering apoptosis is also a strategy for killing cancer cells.(37) Our results demonstrated that allicin has multiple potential strategies for treating cancer by managing autophagy (Figure 7B).
In conclusion, our study reveals a novel mechanism of allicin-induced autophagic cell death of Hep G2 human liver cancer cells and induction of autophagy via multiple p53, mTOR, and AMPK signaling pathways. A proposed mechanism of allicin-induced autophagy is presented in Figure 8. Our results highlight that allicin is a novel molecular agent of p53-mediated autophagic cell death and has the potential to be used as a new complementary chemopreventive compound in liver cancer therapy.
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	ABBREVIATIONS

	DAS
	diallyl sulfide

	DADS
	diallyl disulfide

	DATS
	diallyl trisulfide

	ER
	endoplasmic reticulum

	ROS
	reactive oxygen species

	ΔΨm
	mitochondrial membrane potential

	3-MA
	3-methyladenine (autophagy inhibitor)

	AIF
	apoptotic-inducing factor

	Endo G
	endonuclease G

	Fas receptor
	CD95, death receptor

	FasL
	Fas ligand

	LC3
	MAP-1, microtubule-associated protein 1 light chain 3

	PAS
	preautophagosomal structure

	mTOR
	mammalian target of rapamycin

	Atg
	autophagy-related gene

	Bax
	Bcl-2-associated X protein

	Bcl-2
	B-cell lymphoma 2

	AMPK
	adenosine monophosphate responsive protein kinase

	TSC2
	target to phosphorylate tuberous sclerosis 2

	PI
	propidium iodide

	mCPBA
	m-chloroperoxybenzoic acid

	FBS
	fetal bovine serum

	DMSO
	dimethyl sulfoxide

	PBS
	phosphate-buffered saline
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