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ABSTRACT 

Citrus leaves are reputedly general tonics for gastrointestinal disorders and 

fevers. The leaf extract is consumed as an herbal tea and the leaf hydrosol from 

numerous Citrus species is used for some traditional dishes in Tunisian cuisine. The 

appropriate tree canopy for Citrus unshiu should be maintained by skirting and 

pruning. Therefore, Citrus unshiu leaves are readily available agricultural byproducts. 

Although there are reports on the biological effects and chemical compositions of 

certain species of citrus leaves, very limited information about the anticancer 

properties of Citrus unshiu leaves has been reported. Therefore, Citrus unshiu leaves 

usages as anticancer reagents in food and pharmaceutical industries has been 

neglected. 

In CHAPTER II, we assessed antiproliferative activities of the methanolic 

extract of Citrus unshiu leaves (MECL) using several cancer cell lines and marked 

cytotoxicity was observed in AGS human gastric cancer cells. Treatment with MECL 

induced non-apoptotic cell death and increased formation of the acidic vesicular 

organelles and LC3 puncta. MECL-induced cell death was significantly reduced by 

pretreatment with an autophagy inhibitor, 3-methyladeinine. Gas chromatography-

mass spectrometry identified the major compound of MECL to be phytol (47.35%).  

In CHAPTER III, we investigated cytotoxic effects of phytol, the major 

component of MECL, on cancer cells. Phytol induces apoptosis in AGS cells, as 

evidenced by an increase of the sub-G1 population, activation of caspases, and 

depolarization of the mitochondrial membrane. Co-treatment with chloroquine (CQ), 

a lysosomal inhibitor, strongly enhanced phytol-induced apoptosis in AGS cells, 
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suggesting that phytol could induce protective autophagy. Furthermore, N-acetyl-L-

cysteine, a reactive oxygen species (ROS) scavenger, increased the phytol-induced 

cytotoxicity, but decreased the levels of p62 and the formation of the acidic vesicular 

organelles, suggesting that the Nrf2 pathway was induced by phytol.  

In CHAPTER IV, we fractionated methanolic extract of Citrus unshiu leaves 

by using n-hexane, chloroform, ethyl acetate, n-butanol and water; we found 2,4-di-

tert-butylphenol (DTBP) as the most potent candidate for anticancer agent in Citrus 

unshiu leaves. DTBP increased acetylation of α-tubulin, p21 and Rb expression, but 

reduced β-catenin expression and cell proliferation. Increase of α-tubulin acetylation 

by DTBP resulted in tubulin polymerization, consequently, inducing aberrant mitosis. 
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1. Anticancer properties of phytochemicals 

Dietary phytochemicals are plant based chemical compounds (‘phyto’ is from 

the Greek word meaning plant). Plants produce phytochemicals to protect them from 

external threats such as ultraviolet and generators of damaging free radicals. Plant 

derived phytochemicals have attracted significant attention to prevent the onset of 

many diseases including cardiovascular disease, inflammation, and cancer. These 

phytochemicals exert beneficial effects by degenerating reactive oxygen species 

(ROS) and reducing inflammatory signaling molecules. Phytochemicals also 

influence the proliferation, growth, and metastasis of tumors (Vauzour et al., 2010). 

Thus, these plant-derived substances may represent natural anti-cancer drugs. 

Many natural products and their analogs have been identified as potent 

anticancer agents, and anticancer properties of various phytochemicals are being 

identified. Several plant-based anticancer agents including taxol, vincristine, 

camptothecin derivatives, topotecan, and irinotecan are in clinical use all over the 

world (Shukla and Metha, 2015). 

Phytochemicals can interact with the metabolic pathways and signaling 

cascades that control growth, proliferation, and cell survival or death. Upon entering 

cells, these phytochemicals can scavenge free radicals and generate chemical or 

electrophilic stress signals that cause proteins to trigger various cellular signaling 

pathways (Finley et al., 2011; Kong et al., 2001). Phytochemicals can alter target 

proteins and signaling mechanisms, such as STAT3, PI3K, NF-κB, and Nrf2, as well 

as histone modification. Although natural phytochemicals are generally considered 

non-toxic, they can exhibit toxicities on certain situation and concentration. 
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Therefore, understanding their pharmacological effects and molecular targets are 

essential for phytochemicals’ druggability. 
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Table 1-1. Association among phytochemicals, cancer type and scientific evidence. 

Reproduced from Baena Ruiz and Salinas Hernández. Maturitas 2016; 94: 13-19, 

with permission of Elsevier. 

Phytochemicals Cancer type (risk reduction) 
Scientific 

evidence 

Carotenoids: 

Lycopene, alpha- and beta-

carotene. 

Prostate, Breast, Lung, Pancreatic Strong +++, ++, + 

Soybean isoflavones: 

Daidzein, genistein, 

glycitein. 

Breast, Colon, Prostate, Lung Strong +++, ++,+ 

Isothiocyanates: 

Sulforaphane, phenethyl 

and benzyl isothiocyanate. 

Breast, Colorectal, Prostate, Renal, 

Gastric, Bladder 
Strong +++, ++, + 

Indoels: 

Indole-3-carbinol. 

Hormone-dependent tumors Breast, 

Prostate, Cervical 
Weak * 

Epigallocatechin gallate 

(EGCG) 

Colon, Breast, Prostate, Lung, 

Oesophagus, Head and Neck 
Limited *, + 

Allyl sulfur compounds: 

Diallyl trisulfide (DTS) 

Upper aerodigestive tract, Gastric, 

Prostate, Colorectal, Kidney 
Strong +++, ++, + 

Reveratrol Breast, Colon, Prostate, Liver, Pancreatic Limited *, + 

Curcumin 
Breast, Colorectal, Prostate, Lung, 

Pancreatic 
Limited *, + 

 

+++ meta-analysis studies, ++ cohort studies, + case-control studies, *animals and/or 

in vivo studies. 
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1-1. Nuclear factor erythroid-2-related factor 2 (Nrf2)  

Sulfur-containing phytochemicals, phenethyl isothiocyanate (PEITC) and 

sulforaphane for instance, are known as potent phase ΙΙ gene inducers, and these 

inductions are Nrf2 dependent (Cheung et al., 2009; Cheung and Kong 2010). PEITC 

can induce the ERK and JNK phosphorylation and subsequently phosphorylate Nrf2 

to induce its translocation to nucleus. Sulforaphane modifies the Keap1-Nrf2 

interaction and attenuates Nrf2 degradation, which results in the translocation of 

Nrf2. Sulforaphane can react with thiols of Keap1 by forming thionoacyl adducts, 

thereby releasing Nrf2 from Keap1 binding (Hong et al., 2005). Epigallocatechin 

gallate (EGCG) and curcumin have been reported to be capable of regulating Nrf2 

activity via a similar pathway. Treatment with EGCG increased the nuclear 

accumulation of Nrf2, ARE binding, and transcriptional activity in human breast 

epithelial MCF10A cells (Na et al., 2008). In vivo study showed that curcumin 

administration enhanced nuclear translocation and ARE-binding of Nrf2 in 

dimethylnitrosamine (DMN)-induced rats, suggesting that curcumin has 

hepatoprotection potential in DMS-induced hepatotoxicity through Nrf2 activation 

(Farombi et al., 2008).  
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Figure 1-1. Phytochemicals on the regulation of Nrf2 signaling. Adapted from Lee et 

al. Pharmacol Ther 2013; 137: 153-171, with permission of Elsvier.  
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1-2. Histone modifications  

Histone modification such as lysine acetylation, causes the chromatin to open 

up by the negative charge conferred by the acetyl moieties, which reduces the 

histone-DNA interactions. The lysine acetylation reactions are catalyzed by histone 

acetyltrasferases (HATs), which transfer the acetyl groups from acetyl coenzyme A to 

the lysine moieties in the nucleosomes. HATs also play important roles in regulating 

cell cycle related proteins expression (Wang et al., 2001). 

Histone deacetylases (HDACs) remove acetyl groups from lysine residues to 

reduce the negative charge, leading to chromatin compaction. Overexpression and 

altered activities of HDACs are associated generally with the silencing of tumor 

suppressor genes, epithelial to mesenchymal transitions and metastasis (Chen et al., 

2013; Park et al., 2011). 

Accumulated evidences show that phytochemicals which were earlier known 

only for their antioxidant or chemopreventive effects are also potent epigenetic 

regulators. These compounds can target or revert abnormal epigenetic modifications 

in various human pathologies including cancer (Gerhauser, 2013; Hauser and Jung, 

2008; Huang et a., 2011; Tharkur et al., 2014). 
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Table 1-2. Phytochemicals and histone modification. Reproduced from Shankar et al. 

Semin Cancer Biol 2016; 40-41: 82-99, with permission of Elsevier 

 

Phytochemicals 
Molecular 

mechanisms 
Target genes 

Apigenin HDAC inhibitor P21 

Epigalocatechin-3-gallate 
HAT inhibitor  

HMT inhibitor 

H3/H4 acetylation 

NF-kB, IL-6, BMI-1, EZH2, 

SUZ12 

Genistein HAT inhibitor 
Acetylation  

H2A/H2B/H3/H4 

Daidzein HDAC inhibitor Histone acetylation 

Allyl mercaptan SIRT1 inhibitor 
H3/H4 acetylation 

P21/WAF1 

Diallyl disulphide HDAC inhibitor 
H3/H4 acetylation 

P21/WAF1 

Reveratrol SIRT1 activator TNF-α 

Sulforaphane HDAC inhibitor 
H3/H4 acetylation  

RARβ, HBD-2, p21, Bax 
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1-3. Histone deacetylases (HDACs) 

Histone acetylation and deacetylation are the greatest interest in the field of 

post-translational modifications. These processes are regulated by two groups of 

enzymes: histone acetyltransferases (HATs) and histone deacetylases (HDACs). 

HATs catalyze the transfer of an acetyl group from acetyl coenzyme A to the ε-amino 

site of lysine, neutralizing the positive charge on histones and results in an open 

chromatin that frequently leads to increased DNA transcription (Glozak et al., 2005). 

HDACs deacetylate lysine residues resulting in a closed chromatin conformation and 

repressed transcription. 

There are 18 HDACs, classified into Zn2+-dependent (class I, II and IV) and 

Zn2+-independent, NAD-dependent (class III) enzymes. Class I HDACs comprise 

HDACs 1-3 and 8 and these are ubiquitously expressed in all cells and have histones 

as substrates. HDACs 1, 2 and 3 are located in the nucleus and target multiple 

substrates, such as p53, signal transducer and activator of transcription 3 (STAT3), 

E2F1, myo-D, Rel-A, pRb, and YY1 (Witt et al., 2009).  

Class II HDACs comprise HDACs 4, 5, 6, 7, 9 and 10. They can be present in 

either the cytoplasm or nucleus. They are sub-divided into two classes: class IIa 

HDACs (4, 5, 7 and 9) and class IIb HDACs (6 and 10) (de Ruijter et al., 2003). 

Their functions seem to be more tissue specific, with roles in the vascular and 

nervous systems, bone, heart and skeletal muscle. HDAC9 is involved in 

cardiomyocyte differentiation (Zhang et al., 2002). HDAC4 functions as a repressor 

of chondrocyte hypertrophy (Vega et al., 2004), and HDAC5 is a negative regulator 

of angiogenesis in endothelial cells (Urbich et al., 2009). HDAC7 functions in the 
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negative regulation and apoptosis of T cells (Dequiedt et al., 2003). 

Class IIb HDACs (6 and 10) are located in the cytoplasm. HDAC6 is the only 

HDAC to have two catalytic sites and a ubiquitin-binding site. It can bind directly to 

ubiquitinated proteins through a ubiquitin-binding domain, targeting proteins for 

subsequent processing (Boyault et al., 2006). HDAC6 to have a vital role in 

aggresome formation and may participate in regulating cell viability in response to 

misfolded proteins (Kawaguchi et al., 2003).  

HDAC6 has several specific non-histone substrates, including α-tubulin, 

cortactin and heat-shock protein 90 (HSP90) (Marks, 2010).  
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2. Cell death mechanisms 

2-1. Apoptosis 

The most common and well-defined form of programmed cell death (PCD) is 

apoptosis, a cell-suicide program that is essential for embryonic development, 

immune-system function and the maintenance of tissue homeostasis (Jacobson et al., 

1997). Apoptosis in mammalian cells is mediated by a family of cysteine proteases 

known as the caspases. To keep the apoptotic program under control, caspases are 

initially expressed in cells as inactive procaspase precursors. When initiator caspases 

are activated, they cleave the precursor forms of executioner caspases (Okada and 

Mak, 2004; Salvesen and Dixit, 1997; Thornberry and Lazebnik, 1998).  

There are two types of apoptotic pathways – the extrinsic and intrinsic apoptotic 

pathways. The extrinsic pathway is activated by the engagement of death receptors 

on the cell surface. The intrinsic pathway is triggered by various extracellular and 

intracellular stresses. Signals that are transduced in response to these stresses 

converge mainly on the mitochondria.  

Cell death is also modified by some other mitochondrial proteins. Endonuclease 

G and apoptosis-inducing factor (AIF) might induce cell death independently of 

caspase activation. DIABLO (also known as SMAC) (Verhagen et al., 2000) and 

Omi (also known as HtrA2) (Hegde et al., 2002; Martins et al., 2002) can promote 

caspase activation by counteracting inhibitor of apoptosis (IAP)-mediated caspase 

inhibition.  
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2-2. Autophagy 

Macroautophagy (hereinafter referred to as autophagy) is a catabolic process 

that involves the degradation of cytoplasmic components, protein aggregates and 

organelles through the formation of autophagosomes and degradation by fusion with 

lysosomes (Mizushima and Komatsu, 2011). Autophagy depends on an 

evolutionarily conserved autophagy-related (ATG) genes. In accordance with the 

protective function of autophagy, silencing or deletion of ATG genes results in 

accelerated cell death (Maiuri et al., 2007). However, in certain conditions (and 

depending on the organism), it has been suggested that autophagy can lead to or 

contribute to cell death. 

At the molecular level, the signaling pathway that leads to autophagy involves 

the activities of phosphatidylinositol 3-kinase (PI3K) and the target of rapamycin 

(TOR). Class-ΙΙΙ PI3K activity is particularly important for the early stages of 

autophagosomes formation. In contrast, mTOR negatively regulates autophagosome 

formation and expansion. Therefore, inhibition of mTOR by rapamycin blocks cell-

cycle progression and eventually results in autophagy (Noda and Oshumi, 1998; 

Rohde et al., 2001). Deprivation of amino acids, nutrients or growth factors can also 

downregulate mTOR signaling pathway. The mTOR pathway therefore coordinates 

signaling pathways that are initiated by nutritional and mitogenic factors, and also 

controls both protein synthesis and degradation. 
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2-3. Necroptosis 

Necrosis was regarded as an unregulated mode of cell death caused by 

overwhelming trauma. However, many recent studies revealed the existence of 

regulated necrosis. Necrosis is characterized by swelling of organelles and cells, 

rupture of the plasma membrane and release of the intracellular contents (Vanden 

Berghe et al., 2014).  

The TNFR signaling pathway best exemplifies how the necroptotic program can 

be induced. Following TNF binding to TNRRF1 induces the formation of complex I, 

comprising RIPK1, TNFR1-associated death domain (TRADD), cIAP1 or cIAP2, 

and TNF-receptor-associated factor 2 (TRAF2) (Micheau and Tschopp, 2003). cIAPs 

mediate Lys63-linked ubiquitination of RIPK1, which enables the docking of TGFβ-

activated kinase 1 (TAK1), TAK1-bidng protein2 (TAB2), and TAB3; this results in 

the activation of the inhibitor of nuclear factor-κB (NF-κB) kinase IKK complex. 

This complex leads to NF-κB and mitogen-activated protein kinase (MAPK) 

activation (Silke and Brink, 2010; Wertz et al., 2004). Such pro-survival NF-κB 

target genes encode zinc-finger protein A20 and FLICE-like inhibitory protein 

(FLIP). A20 polyubiquitinates RIPK1, thereby marking it for proteasomal 

degradations. The deubiquitinating enzyme cylindromatosis (CYLD) eliminates 

Lys63-linked ubiquitin chains from RIPK1, leading to the dissociation of RIPK1 

from complex Ι (Hitomi et al., 2008). This deubiquitination changes the function of 

RIPK1 from promoting survival to death through the formation of DISC (also known 

as complex ΙΙa), which comprises of RIPK1, RIPK3, TRADD, FADD, caspase 8, and 

FLIP (Micheau and Tchopp, 2003; Vanden Berghe et al., 2014).  
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In the absence of caspase-8 and FADD, RIPK1 associates with RIPK3, resulting 

in phosphorylation and formation of the necrosome (Cho et al., 2009). Accordingly, 

targeting the kinase domain of RIPK1 with necrostatin 1 inhibits the interaction 

between RIPK1 and RIPK3 but does not affect the pro-survival NF-κB pathway 

downstream of RIPK1 (Christofferson and Yuan, 2010; Degterev et al., 2005). 

Phosphorylation of RIPK3 results in the recruitment of mixed-lineage kinase 

domain-like protein (MLKL), which initiates necroptosis (Sun et al., 2012). MLKL is 

phosphorylated by RIPK3, causing the formation of MLKL oligomers that 

translocate to the plasma membrane, bind to phosphatidylinositol phosphates and 

form membrane-disrupting pores (Dondelinger et al., 2014). 
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2-4. Caspase-independent cell death 

Pro-apoptotic stimuli that cause mitochondrial outer membrane 

permeabilization (MOMP) can engage cell death even in the absence of caspase 

activity – so called caspase-independent cell death (CICD) (Tait and Green, 2008). 

CICD clearly shares similarities to apoptosis but is distinct morphologically, 

biochemically and kinetically.  

Following the mitochondrial outer membrane permeabilization, various 

intermembrane-space proteins such as SMAC, HtrA2/Omi and cytochrome c are 

released into the cytoplasm. Some of these, such as apoptosis-inducing factor (AIF) 

and endonuclease G (Endo G), may actively kill the cell in a caspase-independent 

manner. Over time, mitochondrial functions also decline following outer membrane 

permeabilization. This mitochondrial dysfunction includes a loss of mitochondrial 

protein import due to cleavage of TIM23 and degradation of cytochrome c. 

Collectively, these events lead to progressive loss of respiratory chain function and 

reduced mitochondrial membrane potential (ΔΨm), ultimately to bioenergetic crisis 

and cell death.  
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2-5. Senescence 

Senescence can be considered as a type of ‘living cell death’ because, although 

senescent cells maintain the integrity of their plasma membranes, they undergo 

permanent growth arrest and lose their clonogenicity. 

Primary cells in culture initially undergo a period of rapid proliferation, during 

which the telomeres of their chromosomes become shorter. Eventually, cell growth 

decelerates and the cells enter a form of permanent cell-cycle arrest known as 

replicative senescence. Senescent cells show morphological changes, such as 

flattened cytoplasm and increased granularity, and at the biochemical level, senescent 

cells have increased β-galactosidase activity (Dimri et al., 1995).  

Tumorigenic stresses such as DNA damage and oncogene activation, as well as 

anticancer agents can also trigger cells to enter senescence. In this case, a senescence 

program is initiated that induces the activation of various cell-cycle inhibitors and 

requires the functions of p53, p21/WAF1, p16/INK4A, and the retinoblastoma 

protein (Rb) (Sage et al., 2003; Stein et al., 1999). 
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3. Research rationale 

Potential anticancer phytochemicals are often extracted from medicinal plants, 

vegetables, and fruits. The abundance and easy-availability of plants make 

phytochemicals diverse and economical to study. Moreover, phytochemicals derived 

from these edible sources are usually safe for human consumption, and even 

beneficial for normal physiological functions. This means that they exhibit low or no 

toxicity on normal cells when used at a physiologically relevant concentration (Xie et 

al., 2016). Further studies on pharmacological mechanisms of natural anticancer 

compounds showed that they not only show bioactivities such as anti-inflammation 

and antioxidation, but also target multiple cancer-related signaling pathways (Wang 

et al., 2012). Their anticancer properties, including apoptosis promoting, anti-

proliferative and anti-metastatic activities, work alone or in combination to kill 

cancer cells.  

Once bioactive phytochemicals are identified, they are usually used as a 

foundation for structural modification or as lead compounds for synthesizing new 

compounds based on structure-function relationships in order to improve their 

bioavailability and minimize their toxicity for further development (Tan et al., 2014).  

In this study, we firstly extracted Citrus unshiu leaves with aqueous methanol to 

evaluate its anticancer activity. To assess anticancer potential of Citrus unshiu leaves 

extracts, we performed cell viability assay, cell cycle analysis, Hoechst 33342 and 

acridine orange staining, Western blotting and gas chromatography mass 

spectrometry (GC-MS) analysis. Secondly, we investigated cytotoxicity and cell 

death mechanism of phytol, which was identified as a major component of Citrus 
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unshiu leaves extract, through GC-MS. Lastly, we fractionated the crude methanolic 

extract and we found 2,4-di-tert-butylphenol as the most potent candidate for 

anticancer agent in Citrus unshiu leaves. Furthermore, we elucidated the mechanism 

of antiproliferative property of 2,4-di-tert-butylphenol to develop this compound as a 

promising therapeutic agent. 
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CHAPTER ΙI. Citrus unshiu leaf extract induces  

autophagic cell death in human gastric adenocarcinoma 

AGS cells 
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1. ABSTRACT 

The pharmaceutical potential of the methanolic extract of Citrus unshiu leaves 

(MECL) was assessed through analysis of its inhibitory effect on cancer cells. The 

antiproliferative activities of the leaves were evaluated using several cancer cell lines 

and considerable cytotoxicity was observed in human gastric adenocarcinoma AGS 

cells. Inhibition of AGS cell viability was both time- and dose-dependent and MECL 

induced non-apoptotic cell death. AGS cells treated with MECL increased the 

formation of acidic vesicular organelles and GFP-LC3 puncta. Pretreatment with an 

autophagy inhibitor, 3-methyladenine, inhibited MECL-induced cell death. These 

results indicated that the mechanism underlying the anticancer effects of MECL in 

AGS cells could be via the induction of autophagic cell death. The major compounds 

of MECL were identified as phytol, 4-ethenyl-2-methoxyphenol, hexadecanoic acid, 

2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one, and vitamin E using gas 

chromatography-mass spectrometry. These results indicate that Citrus unshiu leaves 

can be exploited for numerous pharmaceutical applications as a source of anticancer 

ingredients. 
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2. INTRODUCTION 

An analysis of chemotherapeutic agents and their sources indicated that over 

74.8% of approved drugs are derived from natural compounds (da Rocha et al., 2001; 

Newman and Cragg, 2012). Some pharmaceuticals derived from natural sources have 

received a great deal of attention from both the scientific community and the public 

owing to their demonstrated ability to suppress cancers (da Rocha et al., 2001). In the 

past decade, various fruit extracts have been screened for potential use as alternative 

remedies for the treatment of infectious diseases and as cancer chemopreventive 

agents. Several studies have reported that the lower incidence of gastric cancer could 

be associated with citrus fruit intake (Bae et al., 2008) and have found that citrus 

fruits exhibit anticancer effects by inducing apoptosis in cancer cells (Patil et al., 

2009; Ko et al., 2010; Lim et al., 2009). Citrus unshiu, locally known as “unshiu” or 

“onjumilgam”, is one of the most popular citrus fruits in Korea and has been reported 

to possess diverse therapeutic activities including anticancer effects (Lee et al., 2011; 

Kim et al., 2011). Its peel has been used for traditional medicines against cancer in 

East Asia (Kamei et al., 2000; Morley et al., 2007; Park et al., 2008).  

Apoptosis is programmed cell death and cancer cells elude apoptosis through a 

variety of pathways. The induction of apoptosis and the inhibition of cancer cell 

proliferation have been used to evaluate phytochemical anticancer activities and 

develop new anticancer drugs (Sun et al., 2004; Beevi et al., 2010). On the other 

hand, autophagy is an evolutionarily conserved and genetically programmed process 

that degrades long-lived cellular proteins and organelles (Park et al., 2011). In 

response to stress conditions, cytoplasmic organelles are engulfed by 
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autophagosomes and subsequently fused with lysosomes, resulting in their 

degradation and recycling to promote cell survival (Yorimitsu and Klionsky, 2005; 

Meijer and Codogno, 2004; Mariño and López-Otín, 2004). During the initial stages 

of autophagy, cellular proteins, organelles, and cytoplasm are sequestered and 

engulfed by intracellular double-membrane-bound structures called autophagosomes. 

Autophagosomes mature by fusing with lysosomes to form autolysosomes, in which 

the sequestered proteins and organelles are digested by lysosomal hydrolases and 

recycled to sustain cellular metabolism (Mizushima, 2004). The role of autophagy in 

cancer is quite complicated and controversial; autophagy is assumed to be tumor 

suppressive during cancer development but to contribute to tumor cell survival 

during cancer progression (Yang and Klinosky, 2010). Regardless of whether they 

promote cell survival or cell death, the two processes engage in complex and poorly 

understood molecular cross talk (Maiuri et al., 2007).        

With the aim of exploring the anticancer activity of Citrus unshiu leaves, we 

analyzed the chemical composition of methanolic extracts of Citrus unshiu leaves 

(MECL) using GC-MS and sought to elucidate the ability of MECL to induce 

apoptosis and/or autophagy in human gastric adenocarcinoma AGS cells. Our results 

demonstrated for the first time that MECL contain bioactive compounds capable of 

suppressing the proliferation of AGS cells by inducing autophagy. Thus, autophagic 

cell death must be considered a therapeutic approach to reduce AGS proliferation 

and a promising strategy to develop an anticancer reagent from MECL. 
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3. MATERIALS AND METHODS 

3-1. Plant samples 

C. unshiu Marc. cv. Miyagawa leaves were collected from National Institute of 

Subtropical Agriculture, Jeju Province, Korea. Botanical samples were 

taxonomically identified and a voucher specimen (number SKC.111022) was 

deposited in the herbarium of the Subtropical Research Institute of Jeju National 

University. The lyophilized leaves were pulverized using a milling machine and 

extracted with 80% methanol by sonication for 45 min. The extract was filtered, 

concentrated with a vacuum rotary evaporator, and lyophilized. The extract was 

refrigerated (4°C) until use. The extract was dissolved in DMSO to a concentration 

of 200 mg/mL during the experiments. 

3-2. Cell culture 

AGS, HeLa, MCF-7, and HepG2 cells were obtained from the Korean Cell Line 

Bank (Seoul, Korea). AGS and MCF-7 cells were cultured in RPMI-1640 and HeLa, 

HepG2, and fibroblast cells were cultured in DMEM medium supplemented with 10% 

heat-inactivated fetal bovine serum (FBS) and 1% antibiotics at 37C in a humidified 

atmosphere containing 5% CO2. 

3-3. Reagents 

RPMI 1640 medium, DMEM medium, trypsin/EDTA, and fetal bovine serum (FBS) 

were purchased from Invitrogen. Hoechst 33342 dye, acridine orange dye, 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), propidium iodide 

(PI), and RNase A were purchased from Sigma Chemical Co. (St. Louis, MO). The 

Annexin V-FITC Apoptosis Detection Kit I was purchased from BDTM Biosciences 
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(Franklin Lakes, NJ). 

3-4. Cell viability 

The effect of MECL on cell viability was determined with a 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay, which involves the conversion 

of MTT to formazan crystals by mitochondrial dehydrogenases. Briefly, cells were 

plated in 96-well plates at an initial density of 5×104 cells/mL per well. After 24 h 

incubation, the cells were pre-treated with or without 1 mM 3-methyladenine for 2 

hand then various concentrations (from 0 to 200 µg/mL) of MECL were added to the 

cells. At the indicated time points, 20 μL of MTT solution (5 mg/mL) was added to 

each well and the cells were kept in a humidified environment for 3–4 h. The 

supernatant was removed and dissolved in 150 L DMSO. Absorbance was detected 

in a microplate reader at 570 nm (Tecan, Salzburg, Austria). 

3-5. Cell morphology analysis 

AGS cells were placed in 6-well plates at 5×10
4
 cells/mL and treated with the Citrus 

unshiu leaf extract after 24 h of seeding. After 24 h, 10 M of Hoechst or AO were 

added to the solution in each well, and the plates were incubated for 10 min at 37°C. 

The stained cells were then observed under a fluorescence microscope (Olympus, 

UK). 

3-6. Flow cytometry 

For sub-diploid population detection, cells were detached from plates by the addition 

of trypsin-EDTA, washed in phosphate-buffered saline (PBS), fixed in 70% ethanol, 

treated with RNase A (25 ng/mL), and stained with propidium iodide (PI) (40 

µg/mL). The annexin V-FITC apoptosis detection kit I was used according to the 
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manufacturer’s protocol to detect phosphatidylserine translocation from the inner to 

the outer plasma membrane. For each assay, cells were washed with PBS, diluted in 

annexin V binding buffer containing annexin V and PI, and incubated for 15 min at 

room temperature (RT). For autophagy detection, we stained the cells with 10 μM 

acridine orange, harvested the cells, and kept them in 2 mM EDTA-PBS containing 

10% FBS. Data from 10,000 cells/sample were analyzed with Cell Quest software 

(Becton Dickson, USA). Each experiment was repeated at least 3 times. 

3-7. LC3-GFP transfection 

Vector pEGFP-LC3B was a kind gift from Professor Tamotsu Yoshimori (Hayama, 

Japan) and Junsoo Park (Yonsei University, Wonju, Republic of Korea). The 

transfection was carried out with Lipofectamine (Invitrogen) according to the 

manufacturer’s protocol. After 24 h of incubation with the plasmid-Lipofectamine 

complex, the indicated doses of extract were applied, followed by further incubation 

for 24 h before visualization of the LC3-II in autophagosomes under a fluorescent 

microscope (Olympus, UK). 

3-8. GC-MS analysis 

Chromatographic analysis was carried out using a Shimadzu GC–MS (Model QP-

2010, Shimadzu Co., Kyoto, Japan) in EI (Electron Impact) mode. The ionization 

voltage was 70 eV and the temperatures of the injector and detector were 250°C and 

290°C, respectively. The capillary column used was an RTX-5MS (30 m long x 0.25 

mm internal diameter and 0.25 μm, film thickness). The oven temperature 

programmed at 60°C (isothermal for 2 min) was ramped to 250°C at 5°C/min and 

then to 310°C at 5°C/min (isothermal for 12 min). Helium was used as the carrier gas 
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at a flow rate of 1 ml/min, with an injector volume of 1 μL using 1:10 split ratio. The 

dried methanolic extract powder was dissolved in methanol, filtered through a 0.20 µm 

syringe filter (Advantec, Tokyo, Japan), and aliquots were injected onto the GC–MS. 

The mass spectra of each compound obtained from GC-MS were tentatively 

identified using the spectral data of compounds contained within the WILEY7 and 

NIST libraries. Furthermore, tentative identification was completed by comparison of 

their mass spectra with authentic published data (Adams, 1995). 

3-9. Statistical analysis 

Data are expressed as mean ± standard deviation of three independent determinations. 

The significance of differences between groups was determined through one-way 

analysis of variance (ANOVA). 
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4. RESULTS 

4-1. Citrus unshiu leaves extract reduced viability of AGS cells 

To investigate the cytotoxic effects of unshiu leaves on human cancer cell lines, MTT 

assay was conducted. The cells incubated with various concentrations of the 

methanolic extract of Citrus unshiu leaves (MECL) showed a dose-dependent 

reduction in cell viability. The AGS cells appeared to be the most sensitive among 

the cancer cell lines tested with treatment of MCEL for 72 h (Fig. 2-1A). MECL 

reduced cell viability both time- and dose-dependently in AGS cells (Fig. 2-1B) and 

no obvious cytotoxicity in normal human dermal fibroblasts was observed even after 

treatment for 72 h (Fig. 2-1C). 
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Figure 2-1. Antiproliferative activities of MECL. Cell viability was assessed based 

on MTT reduction. (A) Several cancer cell lines were treated with the indicated 

concentrations of MECL for 72 h. The statistically significant differences are 

presented as *p< 0.05. (B) AGS cells were treated with the indicated concentrations 

of MECL for 24, 48 and 72 h. *p< 0.05. (C) Normal human dermal fibroblast cells 

were treated with the indicated concentrations of MECL for 72 h. 
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4-2. Analysis of cell cycle and the effects of 3-MA on MECL-induced cell death 

To evaluate whether the MECL-induced decrease in viability was attributable to 

apoptosis, we first investigated cell cycle distribution. There were no significant 

changes in the cell cycles of MECL-treated cells (Fig. 2-2A). Thus, the inhibition of 

growth observed in response to MECL is not associated with sub-G1 arrest of the 

cell cycle. Next, we investigated whether MECL induces autophagy in AGS cells 

since autophagy has been reported to increase as a result of chemotherapy (Liu et al., 

2011). Initiation of the autophagy process requires class III PI3K (PI3KC3) and the 

initiation process can be suppressed by 3-MA, a specific inhibitor of endogenous 

lysosomal protein degradation that targets PI3KC3 but not the other PI3Ks (Seglen 

and Gordon, 1982; Araki et al., 2006). For this reason, we measured and compared 

the viability of cells pre-treated with an autophagy inhibitor, 3-methyladenine (3-MA) 

to the viability of cells without pre-treatment of 3-MA. The cell viability of AGS 

cells pre-treated with 3-MA was reversed, indicating that the MECL induced 

autophagic cell death in AGS cells (Fig. 2-2B). 
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Figure 2-2. Cell cycle analysis and the effect of 3-MA on MECL-induced cell death. 

(A) AGS cells were treated for 24 h and analyzed for DNA content using flow 

cytometry. (B) AGS cells were pre-treated with or without 1 mM 3-MA for 2 h and 

then incubated with the various concentrations (from 0 to 200 µg/mL) of MECL for 

24 h. Cell viability was detected using MTT assay. *p< 0.05. 
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4-3. MECL induced autophagy in AGS cells  

To confirm that the MECL-induced decrease in viability was attributable to 

autophagy, we performed flow cytometric analysis and staining of the cells. Flow 

cytometric analysis using annexin V/PI double-staining revealed that the percentage 

of annexin V-positive/PI-negative AGS cells under apoptosis only slightly exceeded 

the control level (Fig. 2-3A), whereas acidic vesicular organelles (AVO) increased by 

about 13.49% in the AGS cells treated with 100 μg/mL of MECL (Fig. 2-3B), which 

is characteristic of autophagy (Herman-Antosiewicz et al., 2006; Yo et al., 2009). 

Nuclear staining with Hoechst 33342 revealed fragmented and condensed nuclei in 

the quercetin-treated cells whereas no morphological changes of cells or condensed 

nuclei were found when the cells were treated with the high concentration of MECL 

(Fig. 2-3C). As shown in Figure 2-3D, higher numbers of AVOs were detected in the 

AGS cells treated with MECL. The LC3 has been proposed to serve as a marker for 

autophagic vesicles and the lipidated form of LC3 has been considered an 

autophagosomal marker because of its localization and aggregation on 

autophagosomes (Kabeya et al., 2000; Li et al., 2010; Mizushima, 2004). Therefore, 

we transiently transfected the AGS cells with a pEGFP-LC3 plasmid and observed 

that the control cells revealed diffused and weak GFP-LC3 punctuate dots, whereas 

MECL-treated cells exhibited green LC3 punctuate dots in the cytoplasm (Fig. 2-3E). 

Collectively, these results indicate that MECL induced not apoptotic cell death but 

autophagic cell death in the AGS cells. 
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Figure 2-3. MECL induces non-apoptotic but autophagic cell death. (A) Cells were 

treated with 0 to 100 μg/mL MECL for 24 h. After treatment, the cells were collected 

and stained with annexin V and PI and then analyzed by flow cytometry. *p< 0.05. 

(B) Quantification of AVO-positive cells by flow cytometry. Cells were seeded in 60 

mm dishes and treated with the indicated concentration of MECL. After 24 h, the 

cells were stained with 10 μM of AO, trypsinized, and analyzed. *p< 0.05. (C) 

Nuclear Hoechst staining. Cells were treated with the indicated concentrations of 

MECL, DMSO (control), or Quercetin 50 μM (positive control) for 24 h, then 

stained with Hoechst 33342 and observed under a fluorescent microscope. Arrows 

indicate the formation of apoptotic bodies. (D) Representative images for increased 

AVO-positive cells. Cells were seeded in 60 mm plates for 24 h and treated with the 

indicated concentrations of MECL for an additional 24 h. Arrows indicate the 

formation of AVO. (E) AGS cells were transfected with an expression construct for 

LC3 fused to green fluorescent protein (GFP-LC3) for 24 h. Cells were treated with 

or without MECL for 24 h and visualized under a fluorescent microscope. Arrows 

indicate the puncta of LC3.  
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4-4. Compositional analysis by GC–MS 

These data suggest that Citrus unshiu leaves-derived phytochemicals play a vital role 

in preventing human gastric cancer cell proliferation. Thus, we analyzed the 

composition of MECL by GC–MS and tentatively identified 30 compounds that 

account for nearly 90% of the constituents (Fig. 2-4 and Table 2-1). MECL contains 

different groups of phytochemicals including hydrocarbons, alcohols, lactones, 

pyrans, flavones and sterols. Phytol was the major compound and the sequence of 

compounds in relative concentration was: 4-ethenyl-2-methoxyphenol, hexadecanoic 

acid, 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one, and vitamin E. 

Stigmasterol, γ-sitosterol, and δ5-ergostenol were identified as minor steroidal 

compounds. It is possible that therapeutic properties are expressed by the 

constituents of MECL, in which case the above compounds, either individually or 

synergistically, would be responsible for the anticancer activity. We are currently 

exploring the effects of the five major compounds and the potential of these 

compounds as therapeutic agents for the prevention of gastric cancer. 
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Figure 2-4. GC-MS chromatogram of MECL. 
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Table 2-1. Compounds identified from the methanolic extract of Citrus unshiu leaf 

by GC-MS 

No. RIa) Name b) Area % c) 

1 923 Butyrolactone 0.47 

2 933 1,2-Cyclopentadione 0.22 

3 1060 Furaneol 0.38 

4 1147 2,3-Dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one  3.28 

5 1170 Benzoic acid  1.53 

6 1219 4-Vinylphenol 1.06 

7 1316 4-Ethenyl-2-methoxyphenol 13.81 

8 1363 p-Hydroxybenzaldehyde 1.17 

9 1394 -Elemene 0.69 

10 1554 Elemol 1.25 

11 1568 3,4-dimethoxyacetophenone  0.90 

12 1743 Coniferyl alcohol  0.34 

13 1919 Hexadecanoic acid, methyl ester  1.57 

14 1955 Hexadecanoic acid  6.58 

15 1964 Bis(2-methoxyethyl)-phthalate 0.18 

16 2054 Heptadecanoic acid  0.31 

17 2090 (Z,Z)-9,12-Octadecadienoic acid methyl ester  0.42 

18 2109 (E)-Phytol 47.35 

19 2128 (Z,Z)-9,12-Octadecadienoic acid 0.54 

20 2155 (Z)-9-Octadecenoic acid  0.47 

21 2398 Tetracosane 0.31 

22 2499 Pentacosane 0.31 

23 2507 
Hexadecanoic acid, 2-hydroxy-1-

(hydroxymethyl)ethyl ester 
1.23 

24 2551 Bis(2-ethylhexyl) phthalate  0.72 

25 2826 Squalene 0.70 

26 3000< Vitamin E  2.18 

27 3000< delta.5-Ergostenol  0.28 

28 3000< Stigmasterol 0.29 

29 3000< gamma-Sitosterol 0.91 

30 3000< Nobiletin 0.15 

  Total 89.60 
a) Retention index 

b) Compounds tentatively identified based on parent molecular ions, retention times, 

retention indices and elution order, and fragmented spectra compared with the 

literature 

c) Peak area percentage (peak area relative to the total peak area %)  
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5. DISCUSSION 

This is the first report on the antiproliferative activity of Citrus unshiu leaves 

extract against AGS human gastric adenocarcinoma cells. Leaves of Citrus unshiu 

are rich in phytol, 4-ethenyl-2-methoxyphenol, hexadecanoic acid, 2,3-dihydro-3,5-

dihydroxy-6-methyl-4H-pyran-4-one, and vitamin E, and possess potent anticancer 

activity. Several ingredients maybe responsible for the induction of cell death, a 

process in which squalene, for example, is therapeutically active (Reddy and 

Couvreur, 2009). In particular, phytol, a major compound of MECL dramatically 

induced AVO formation in AGS cells (data not shown). This result implies that the 

effect of MECL might come from a phytol. 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-

pyran-4-one has also been reported to have an anti-proliferative and anti-apoptotic 

effect in human colon cancer (Ban et al., 2007). Vitamin E may protect against 

ovarian cancer growth and progression by reducing cancer cell growth and/or 

promoting apoptosis (Kline et al., 2007). Furthermore, vitamin E was reported as a 

novel enhancer of autophagy (Karim et al., 2010). In addition, nobiletin, the only 

flavone identified, has been reported to inhibit the proliferation of several kinds of 

human cancer cell lines (Kandaswami et al., 1991; Kandaswami et al., 1992; Yanez 

et al., 2004). It has also been reported to decrease the incidence of chemically 

induced tumors in mice and rats (Murakami et al., 2000) and to control many human 

cancer cell lines (Manthey and Guthrie, 2002). 

MECL induced autophagy was evidenced by the increase in acidic vacuole 

organelle formation and GFP-LC3 puncta as well as the inhibition of MECL-induced 

cell death by pre-treatment with the autophagy inhibitor 3-MA. Our results suggest 
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that Citrus unshiu leaves extract could be effective as a preventive agent against 

cancer cells. Further studies must be carried out to isolate and purify the compounds 

that are responsible for the autophagy. 
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CHAPTER III. Phytol, a major compound of methanolic 

extract of Citrus unshiu leaf, induces apoptosis and  

ROS-mediated autophagy in AGS cells 
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1. ABSTRACT 

Phytol, a diterpene alcohol produced from chlorophyll, is used widely as a food 

additive and an aromatic ingredient. However, the molecular mechanisms behind the 

cytotoxic effects of phytol in cancer cells are not understood. The current study 

demonstrated that phytol induces apoptosis in human gastric adenocarcinoma AGS 

cells, as evidenced by an increased cell population in the sub-G1 phase, 

downregulation of Bcl-2, upregulation of Bax, the activation of caspase-9 and -3, 

PARP cleavage, and depolarization of the mitochondrial membrane. In addition, 

phytol induced autophagy, as evidenced by the induction of acidic vesicle 

accumulation, the conversion of microtubule-associated protein LC3-I to LC3-II, and 

the suppression of Akt, mTOR, and p70S6K phosphorylation. Most importantly, 

pretreatment with chloroquine, a lysosomal inhibitor, strongly augmented phytol-

induced apoptosis in AGS cells, suggesting that phytol could induce protective 

autophagy. Furthermore, co-treatment with a reactive oxygen species (ROS) 

scavenger enhanced the phytol-induced cytotoxicity, which is accompanied by the 

decrease in the levels of p62 as well as the percentage of acidic vesicular organelles 

(AVOs) positive cells, suggesting that the cytoprotective Nrf2 pathway was induced 

by phytol. Taken together, these findings provide valuable insights into the 

mechanisms by which phytol induces cell death in AGS cells. 
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2. INTRODUCTION 

Phytol (3,7,11,15-tetramethyl-2-hexadecen-1-ol) is an acyclic monounsaturated 

diterpene alcohol from chlorophyll. It is an aromatic ingredient used in many fragrant 

compounds, and is also found in some cosmetic and non-cosmetic products 

(McGinty et al., 2010). Known for its medicinal value, phytol has antinociceptive 

and antioxidant activities (Santos et al., 2013), as well as anti-inflammatory (Ryu et 

al., 2011) and immunostimulatory effects (Lim et al., 2006). Phytol also elicits 

antimicrobial activity against Mycobacterium tuberculosis (Rajab et al., 1998; Saikia 

et al., 2010) and Staphylococcus aureus (Inoue et al.,2005). Several reports have 

assessed the anticancer activities of plant extracts that contain phytol as a major 

component (Hsu et al., 2011; Hsu et al., 2011; Jiang et al., 2014). Similar to these 

findings, recent reports assessed the apoptosis induction in hepatocellular carcinoma 

cells (Kim et al., 2015) and the cytotoxic effects of phytol using MTT assays in 

several tumor cell lines in vitro (Pejin et al., 2014). However, the molecular 

mechanism by which phytol induced cell death remains unclear. In this study, we 

explored the molecular mechanisms by which phytol induces cell death in AGS 

gastric cancer cells. 

Cell death plays an important role in cancer growth and progression, as well as 

the efficacy of chemotherapy. Apoptosis is thought to be the principal mechanism by 

which anti-cancer drugs kill cells. Apoptosis is a highly conserved form of cell 

suicide that is regulated by programmed cellular signaling pathways that control 

tissue homeostasis and/or eliminate damaged or infected cells (Elmore, 2007). There 

are two major representative apoptotic pathways: the extrinsic pathway, which is 
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mediated by death receptors (DRs), and the intrinsic pathway, which is mediated by 

mitochondria. The death-receptor-mediated pathway activates caspase-8 by forming 

the death-induced signaling complex (DISC) (Debatin and Krammer, 2004). 

Activated caspase-8 then cleaves Bid into truncated Bid (tBid), which connects the 

death receptor pathway to the mitochondrial pathway by translocating from the 

cytosol to the mitochondria. The mitochondrial pathway is initiated by the loss of 

mitochondrial membrane potential (MMP, ΔΨm) and release of cytochrome c, which 

activates caspase-9 and its downstream effector caspases that cleave different 

substrates to eventually lead to dismantling of the cell (Cory and Adams, 2002; Wolf 

and Green, 1999). 

Autophagy is an evolutionarily conserved cellular degradation pathway for 

long-lived proteins and organelles (Park et al., 2011). Induction of autophagy might 

maintain cancer survival under metabolic stress and mediate resistance to anticancer 

therapies (Yuan et al., 2014). Thus inhibition of autophagy enhances cancer cell 

death and potentiates various anticancer therapies (Apel et al., 2008; Kim et al., 

2006). High levels of autophagy can induce a form of cell death known as type II cell 

death or autophagic cell death (Baehrecke, 2005). From a molecular point of view, 

several cellular signaling pathways play a role in regulating autophagy, including 

phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR). 

Previous studies have shown that inhibiting Akt and its downstream target mTOR 

contribute to the initiation of autophagy (Guertin and Sabatini, 2007). During the 

initial stages of autophagy cellular proteins, organelles, and the cytoplasm are 

sequestered and engulfed by intracellular double membrane-bound structures called 
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autophagosomes. The microtubule-associated protein 1 light chain 3 (LC3), a 

mammalian homolog of the yeast Atg8, a cytosolic form of LC3 (LC3-I) is 

conjugated to phosphatidylethanolamine to form LC3-II, which is recruited to 

autophagosomal membranes (Tanida and Waguri, 2010). These autophagosomes 

mature by fusing with lysosomes to form the autolysosomes, in which the 

sequestered proteins and organelles are digested by lysosomal hydrolases and 

recycled to sustain cellular metabolism (Mizushima, 2004). Through a 

comprehensive analysis of LC3-binding, p62 was identified as an LC3-interacting 

protein (Bjørkøy et al., 2005; Komatsu et al., 2007; Pankiv et al., 2007). Because 

LC3-II present in the inner membrane of the autophagosome is degraded together 

with other cellular constituents by lysosomal proteases, p62 trapped by LC3 is 

transported selectively into the autophagosome. The p62 protein localizes to sites of 

autophagosome formation and can associate with both the LC3 and ubiquitinated 

proteins (Bjørkøy et al., 2005). Therefore, p62 is considered to act as a receptor for 

ubiquitinated proteins, which it sequesters into the autophagosome (Johansen and 

Lamark, 2011) and the impaired autophagy is accompanied by accumulation of p62. 

Reactive oxygen species (ROS) is a term that describes the collective species 

formed by the incomplete reduction of oxygen, including superoxide anion (O2
−), 

hydrogen peroxide (H2O2), and hydroxyl radicals (HO·) (Chandel and Budinger, 

2007). Intracellular redox homeostasis is a key determinant of cell fate: excessive 

ROS production usually results in cytotoxic effects and might lead to apoptotic cell 

death, whereas moderate levels of ROS function as second messengers to regulate 

diverse cellular processes such as cell survival, proliferation, and metastasis 
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(Inokuma et al., 2009; Wu, 2006). The accumulation of ROS can induce autophagy, 

which in turn facilitates the clearance of excessive ROS to protect cells from 

oxidative damage; this might reflect the balance of either cell survival or death 

(Scherz-Shouval and Elazar, 2011; Shi et al., 2012). During oxidative stress, ROS-

mediated KEAP1 inhibition results in the activation of Nuclear factor-erythroid 2-

related factor 2 (Nrf2) and the expression of its target genes p62, heme oxygenase-1 

(HO-1) and NAD(P)H dehydrogenase, quinine 1 (NQO1) (Jain et al., 2010). 

Moreover, p62 can interact directly with KEAP1 to promote the non-canonical 

activation of Nrf2 and creating a positive feedback loop that further amplifies p62 

expression (Komatsu et al., 2010). Therefore, p62 stimulates autophagy and the 

Nrf2-mediated antioxidant response during oxidative stress. 

The main objective of this study was to examine the cytotoxic mechanism of 

action of phytol, an aromatic ingredient used in many fragrant compounds. Here, we 

demonstrate that phytol induces apoptosis and autophagy in human gastric 

adenocarcinoma AGS cells. Phytol-induced apoptosis was enhanced by inhibiting 

autophagy or suppressing ROS accumulation. These findings strongly suggest that 

phytol-induced autophagy might function as a survival pathway against apoptosis, 

and that the combination treatment with phytol and an autophagy inhibitor or ROS 

scavenger might exert promising therapeutic effects in stomach cancer. 
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3. MATERIALS AND METHODS 

3-1. Cell culture 

AGS human gastric adenocarcinoma cells and human dermal fibroblast cells were 

obtained from the ATCC (Manassas, VA, USA). AGS cells were cultured in F-12K 

medium supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% 

antibiotics at 37C in a humidified atmosphere containing 5% CO2. 

3-2. Reagents 

F-12K medium, trypsin/EDTA, and fetal bovine serum (FBS) were purchased from 

Invitrogen (Carlsbad, CA, USA). Phytol, Hoechst 33342 dye, acridine orange dye 

(AO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 

propidium iodide (PI), chloroquine (CQ), RNase A, 2’,7’-dichlorofluorescin 

diacetate (H2DCF-DA), and anti-LC3 and -actin antibodies were purchased from 

Sigma Chemical Co. (St. Louis, MO, USA). The BDTM Mitoscreen (JC-1) kit was 

purchased from BD Biosciences (Franklin Lakes, NJ, USA). Anti-caspase-9, -

caspase-3, -PARP, -Bcl-2, -Akt, -p-Akt, -mTOR, -p-mTOR, - p70S6K, -p-p70S6K, 

and -Bax antibodies were purchased from Cell Signaling Technology (Danvers, MA, 

USA). Western blotting polyvinylidene fluoride (PVDF) membranes were purchased 

from Merck Millipore (Darmstadt, Germany). 

3-3. Cell viability assay 

The effects of the treatments on cell viability were determined using MTT assays, 

which are based on the conversion of MTT to formazan crystals by mitochondrial 

dehydrogenases. Briefly, cells were plated in 96-well plates at an initial density of 6 

× 103 cells/well. After a 24-h incubation, the cells were treated with phytol alone or 
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combination of 60 μM chloriquine or 2 mM NAC and then incubated for an 

additional 24 h. At the indicated time points 20 μL of MTT solution (5 mg/mL) was 

added to each well, and the plates were incubated in a humidified environment for 

3–4 h. The supernatant was then removed, and the crystals were dissolved in 150 μL 

DMSO. The absorbance at a wavelength of 570 nm was measured in the microplate 

reader (Tecan, Grodig, Austria). 

3-4. Cell morphology 

AGS cells were placed in 60 mm plates at a density of 3×104 cells/mL, and then 

treated with phytol after 24 h. After an additional 24 h, 10 μM Hoechst or AO was 

added to each well, and the plates were incubated for 10 min at 37°C. The stained 

cells were then observed under a fluorescence microscope (Olympus, Tokyo, Japan). 

3-5. Flow cytometry 

To detect the sub-diploid population cells were detached from plates by the addition 

of trypsin-EDTA, washed in phosphate-buffered saline (PBS), fixed in 70% ethanol, 

treated with RNase A (25 ng/mL), and finally stained with 40 µg/mL PI. The 

generation of ROS was measured using H2DCF-DA as a substrate. Cells were 

incubated with 10 μM H2DCF-DA for 30 min, harvested, resuspended in PBS, and 

analyzed. To detect autophagy cells were stained with 10 μM AO, harvested, and 

suspended in PBS. The data from 10,000 cells/sample were analyzed using CellQuest 

software (Becton Dickson, Franklin Lakes, NJ, USA). Each experiment was repeated 

at least three times. 

3-6. Western blotting analysis 

Cell lysates were prepared by incubating cells in 150 μL of lysis buffer (100 mM 
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Tris-HCl, pH 8, 250 mM NaCl, 0.5% Nonidet P-40, 1× protease inhibitor cocktail), 

disrupted by sonication, and extracted at 4°C for 30 min. The protein concentration 

was determined using BCATM protein assays (Pierce, Rockford, IL, USA). Aliquots 

of the lysates were separated using 12–15% SDS-PAGE and transferred to PVDF 

membranes using a glycine transfer buffer (192 mM glycine, 25 mM Tris-HCl pH 

8.8, and 20% methanol (v/v). After blocking with 5% non-fat dried milk, the 

membrane was incubated for 2 h with primary antibodies followed by 30 min with 

secondary antibodies in Tris-buffered saline (TBS) containing 0.5% Tween-20. Most 

primary antibodies were used in 1:1,000 dilutions except for β-actin (1:10,000 

dilution), and the horseradish peroxidase-conjugated goat anti-rabbit IgG secondary 

antibodies (Vector Laboratories, Burlingame, CA, USA) were used in 1:5,000 

dilutions. Protein bands were detected using the BS ECL-Plus Kit (Biosesang, 

Gyeonggi-do, Korea). 

3-7. Reverse transcription-polymerase chain reaction (RT-PCR) 

Total RNA was extracted from cells using TRIzol reagent (Invitrogen). Reverse 

transcription was carried out using the reverse transcription system (Promega, 

Madison, WI, USA). Polymerase chain reaction (PCR) was performed using Taq 

polymerase (Enzynomics, Daejeon, Korea) with the following cycling conditions: 

initiation at 95°C for 1 min, followed by 35 cycles of 40 sec denaturation at 95°C, 40 

sec annealing at 57°C, and 40secelongation at 72°C. PCR products (5 μL) were 

separated on 1.2% agarose gels and then stained with ethidium bromide. PCR 

primers for amplification were as follows: p62, forward 5’-

AAGCCGGGTGGGAATGTTG-3’, reverse 5’-GCTTGGCCCTTCGGATTCT-3’; 
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HO-1, forward 5’-ACTTCCCAGAAGAGCTGCAC-3’, reverse 5’-

GCTTGAACTTGGTGGCACTG-3’; NQO-1, forward 5’-

GGGCAAGTCCATCCCAACTG-3’, reverse 5’-GCAAGTCAGGGAAGCCTGGA-

3’; GAPDH, forward 5’-GAGAAGGCTGGGGCTCATTT-3’, reverse 5’-

AGTGATGGCATGGACTGTGG-3’. 

3-8. Statistical analysis 

The significance of differences between groups was determined using one-way 

analysis of variance (ANOVA). The Western blots shown are representative of a 

group of experiments, and graphs represent the means ± standard deviations.  
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4. RESULTS 

4-1. Phytol induces apoptosis in AGS cells 

The antiproliferative effects of phytol on AGS cells are shown in Fig. 3-1. Phytol 

significantly inhibited the growth of AGS cells compared to untreated control. To 

determine whether the reduced cell viability of cells was attributable to apoptosis, we 

assessed morphological changes by staining cell nuclei with Hoechst 33342. Phytol 

induced the fragmentation and condensation of AGS cell nuclei in a concentration-

dependent manner (Fig. 3-2A). Next, the effects of phytol on the cell cycle were 

analyzed using flow cytometry. The percentage of cells in the sub-G1 peak is shown 

in Fig. 3-2B. There was a significant and dose-dependent increase in the sub-G1 

fraction from 5.02% in control cells to 22.03% in the cells treated with 200 μM 

phytol. The results of Western blotting revealed that phytol decreased the levels of 

the anti-apoptotic protein Bcl-2 and increased the cleaved form of caspase-9, -3, 

PARP, and Bax (Fig. 3-2C). It was suggested that chemical-induced apoptosis is 

often, but not always, associated with a loss of the mitochondrial membrane potential 

(ΔΨm) that is caused by increased leakiness of the inner mitochondrial membrane 

(Salvioli et al., 1997; Sun et al., 1999). The non-toxic fluorescent probe JC-1 

becomes concentrated in mitochondria as red fluorescent aggregates when the ΔΨm 

is high, and is converted to green monomers when the ΔΨm is lost. As shown in Fig. 

3-2D, phytol increased the number of mitochondria with disrupted membrane 

potential in a dose-dependent manner. These results suggest that phytol induced 

apoptotic cell death by causing DNA damage and mitochondrial membrane 

dysfunction. 
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Figure 3-1. The viability of cells treated with various concentrations of phytol for 24 

h. The results shown are the means ± S.Ds. of three independent experiments 

(**p<0.01 vs. control). 
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Figure 3-2. Phytol induces apoptosis in AGS cells. (A) Cells were treated with the 

indicated concentrations of phytol for 24 h, stained with Hoechst 33342, and 

observed under a fluorescent microscope. (B) AGS cells were treated for 24 h and 

the DNA content was analyzed using flow cytometry. Statistically significant 

differences are presented as *p< 0.05 and **p< 0.01. (C) Lysates were prepared from 

cells treated with DMSO or phytol for 24 h, and Western blotting was performed 

using caspase-9, caspase-3, PARP, Bcl-2, and Bax antibodies; (*) indicates the 

cleaved form of the protein. (D) Mitochondrial membrane potential, as assessed 

using JC-1 staining. **p< 0.01. 
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4-2. Phytol induces autophagy in AGS cells 

Acridine orange (AO) staining was used to analyze the formation of acidic vesicular 

organelles (AVOs) or autophagolysosome vacuoles, which occurs as the result of 

fusion between autophagosomes and lysosomes and is a key feature of autophagy 

(Kanzawa et al., 2004). Large numbers of AVOs (red aggregates) were detected in 

phytol-treated AGS cells, indicating an induction of autophagy (Fig. 3-3A). The 

conversion of LC3-I into LC3-II followed by the localization and aggregation of 

LC3-II in autophagosomes is an autophagosomal marker (Kabeya et al., 2000). 

Previous studies confirmed that inhibition of the Akt/mTOR pathway triggers 

autophagy (Kim et al., 2006). Activated Akt, which provides key signals to 

downstream molecules such as mTOR, can inhibit autophagy and promote cell 

survival (Yap et al., 2008). As shown in Fig. 3-3B, phytol suppressed the 

phosphorylation of Akt, mTOR, and p70S6K, and increased the conversion of LC3-I 

to LC3-II. Because p62 is localized to autophagosomes via an interaction with LC3 

and is subsequently degraded by the autophagy-lysosome system, treatment of a 

lysosomotropic agent can lead to a marked accumulation of p62 (Pankiv et al., 

2007). The levels of p62 were greater in the cells treated with both phytol and 

chloroquine (CQ), a lysosomotropic agent, than those in the cells treated with phytol 

alone, indicating that phytol activated the autophagic response (Fig. 3-3C and D). 
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Figure 3-3. Detection of autophagy in AGS cells treated with phytol for 24 h. (A) 

Acidic vesicular organelles (AVOs) were examined by incubating the cells with 10 

μM acridine orange (AO), and the images were analyzed using a fluorescence 

microscope. (B) Western blotting for Akt, p-Akt, mTOR, p-mTOR, p70S6K, p-

p70S6K, LC3, and β-actin after the treatment of cells with the indicated 

concentrations of phytol for 24 h. (C) AGS cells were treated with phytol in the 

absence or presence of 60 μM chloroquine (CQ). Cells were then harvested and 

analyzed by Western blotting using the indicated antibodies. (D) The band intensity 

of the blots shown in (C) was quantified using the ImageJ software. Data were 

normalized to the amount of β-actin in each sample. (**p< 0.01 vs. control, ##p< 

0.01 vs. CQ treated cells). 
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4-3. Phytol induces protective autophagy in AGS cells 

Because the role of autophagy in the fate of cancer cells remains controversial, we 

next investigated whether phytol-induced autophagy functioned as a pro-survival or 

pro-death mechanism. To determine the biological role of autophagy in phytol-

mediated apoptotic cell death, CQ was used to disrupt lysosomal function and 

prevent completion of the autophagic flux. As shown in Fig. 3-4A, the number of 

apoptotic bodies was increased when cells were co-treated with phytol and CQ 

compared with phytol alone. In addition, the sub-G1 population was increased two-

fold by co-treatment with phytol and CQ compared with those treated with phytol 

alone (Fig. 3-4B). Furthermore, the amount of the cleaved forms of caspase-3 and 

PARP proteins was also increased after co-treatment with phytol and CQ (Fig. 3-4C). 

The results of MTT assays showed that cell viability was decreased further when 

autophagy was blocked using CQ (Fig. 3-4D). Taken together, these data strongly 

suggest that inhibiting autophagy enhanced apoptotic cell death in AGS cells treated 

with phytol. 
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Figure 3-4. Phytol induces protective autophagy in AGS cells. Cells were treated 

with phytol alone or together with 60 μM chloroquine (CQ) for 24 h. (A) Apoptotic 

cells were analyzed using Hoechst staining. (B) AGS cells were treated as indicated 

for 24 h and DNA content was analyzed using flow cytometry. Results are presented 

as the means ± S.Ds. of three independent experiments. **p< 0.01. (C) Western 

blotting was performed using caspase-3 and PARP antibodies; (*) indicates the 

cleaved form of the protein. (D) Cell viability was determined using MTT assays. 

*p< 0.05. 
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4-4. Phytol induces ROS mediated Nrf2 cytoprotective pathways 

Because the results described above showed that phytol increased the levels of p62 

(Fig. 3-3C) and it has been reported p62 promotes ROS production (Mathew et al., 

2009), we speculated that phytol might activate the Nrf2 cytoprotective pathway. To 

investigate this possibility, we first examined ROS levels in AGS cells by measuring 

the percentage of H2DCF-DA-positive cells, which is proportional to ROS 

production. As shown in Fig. 3-5A, treatment with 50 and 100 μM phytol increased 

the percentage of H2DCF-DA-positive cells by 17.65% and 18.58%, respectively, 

compared with control (14.81%). Interestingly, the expressions of the Nrf2 target 

genes, p62, HO-1, and NQO1 were increased dramatically, in contrast to the slight 

increase in ROS production (Fig. 3-5B and C). In order to confirm that all these 

responses are due to the increase in ROS production, the cells were treated with the 

ROS scavenger N-acetyl-L-cysteine (NAC). The percentage of phytol-induced 

H2DCF-DA-positive cells was reduced in the presence of NAC (Fig. 3-5A) and 

correspondingly p62 protein levels as well as the percentage of AVOs positive cells 

were reduced (Fig. 3-5D-F). In particular, co-treatment with NAC enhanced the 

cytotoxic effects of phytol (Fig. 3-5G). Together, these results suggest that phytol-

induced ROS can facilitate protective autophagy via Nrf2 antioxidant pathway (Fig. 

3-6). 
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Figure 3-5. Phytol induces ROS-dependent cytoprotective pathways in AGS cells. 

(A) AGS cells were treated with phytol in the absence or presence of 2 mM NAC for 

24 h, and then stained with H2DCF-DA. The H2DCF-DA fluorescence intensity was 

measured using flow cytometry. (B) The mRNA levels of Nrf2 target genes were 

assessed after treatment with phytol for 24 h. Total RNA was harvested from AGS 

cells, reverse transcribed, and amplified using gene-specific primers. (C) The values 

were normalized to the amount of each mRNA in untreated AGS cells. **p< 0.01. 

(D) AGS cells were treated with phytol in the absence or presence of 2 mM NAC for 

24 h, and p62 protein levels were measured using Western blotting. (E) The 

intensities of the bands shown in (D) were quantified using the ImageJ software. *p< 

0.05. (F) Acidic vesicular organelles (AVOs) were analyzed using fluorescent 

microscopy in AGS cells treated with phytol and/or NAC for 24 h. (G) The viability 

of AGS cells was determined using MTT assay. *p< 0.05.  
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Figure 3-6. A schematic diagram summarizing the cytotoxic effects of phytol in 

human gastric adenocarcinoma AGS cells. Phytol increases ROS levels, which 

results in the induction of autophagy. ROS-induced Nrf2 enhances the expression of 

the antioxidant genes and p62. In turn, p62 protein associates with Keap1 (Jain et al., 

2010; Komatsu et al., 2010) and activates Nrf2, completing a positive feedback loop 

(red arrow). Increased p62 levels can induce autophagy in AGS cells, and also have a 

protective role against phytol-induced apoptosis. Therefore, the induction of 

apoptosis by phytol treatment can be enhanced by targeting ROS generation or 

inhibiting the protective autophagy. ROS, Reactive oxygen species; Nrf2, Nuclear 

factor-erythroid 2-related factor 2; NAC, N-acetyl-L-cysteine; CQ, Chloroquine. 
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5. DISCUSSION 

Phytol is widespread in nature because it is a constituent of chlorophyll (Baxter, 

1968). It is a common food additive, and information regarding the oral 

bioavailability of phytol in mice revealed that it is well absorbed (Mize et al., 1966). 

Moreover, comprehensive toxicological data are available. For example, the acute 

oral LD50 of phytol in rats was reported to be >10,000 mg/kg, and it was not 

mutagenic (McGinty et al., 2010). Some reports suggested that phytol derivatives 

might activate nuclear hormone receptors and modulate gene expression and cell 

differentiation (Hansen, 1966). Phytol can activate peroxisome proliferator-activated 

receptor α (PPARα) directly and thereby regulate the expression of genes related to 

lipid metabolism (Goto et al., 2005). It also exerts therapeutic effects in models of 

arthritis and seizures in mice (Hultqvist et al., 2006; Costa et al., 2012). In addition, 

several reports have revealed that plant extracts containing phytol as a major 

component have anticancer activities (Hsu et al., 2011a; Hsu et al., 2011b; Jiang et 

al., 2014). 

Our laboratory has been interested in phytol since we identified that Citrus 

unshiu leaf extract, which contains phytol as a major component, induces autophagic 

cell death in human gastric adenocarcinoma AGS cells (Song et al., 2015). While we 

were investigating the cytotoxic mechanism of action of phytol, one research group 

reported that phytol induced concentration-dependent cytotoxic responses in seven 

cell lines (MCF-7, HeLa, HT-29, A-549, Hs294T, MDA-MB-231, and PC-3 cells) as 

evaluated using the MTT assays that revealed IC50 values ranging from 8.79 to 77.85 

μM (Pejin et al., 2014). However, in the current studies milder toxicity was detected 
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against human gastric adenocarcinoma AGS cells at the concentrations used (IC50 

147.67 ± 5.63 μM). This suggests that phytol might induce protective pathways in 

AGS to render cells resistant to cell death. Therefore, these results emphasize the 

importance of understanding the molecular mechanisms behind the effects of phytol 

to enhance its therapeutic efficacy. 

The current data demonstrated that phytol inhibited proliferation and induced 

both apoptosis and autophagy in AGS cells. Apoptosis and autophagy have many 

common regulators, and crosstalk between these pathways regulates cell fate in 

response to cellular stress. The complex interaction between apoptotic and 

autophagic pathways necessitates the careful consideration of both pathways to 

understand cell death phenomena fully (Filippi-Chiela et al., 2011). Previous studies 

revealed that several anticancer drugs induced both apoptosis and autophagy in 

cancer cells (Song et al., 2008). The relationship between autophagy and apoptosis is 

complex, and varies according to the individual cell types and the specific stress 

placed upon the cell (Zhang et al., 2009). Although it remains controversial whether 

autophagy kills cancer cells or sustains their survival under conditions of stress, an 

increasing number of reports have provided data to support the hypothesis that 

autophagy promotes the survival of cancer after chemotherapy or radiation therapy, 

thereby allowing cancer cells to escape drug-induced apoptosis (Carew et al., 2007; 

Fritsche et al., 2009). CQ is a lysomotropic drug that alters lysosomal pH, prevent 

autophagosome-lysosome fusion. By blocking the last step of the autophagy 

pathway, leads to the accumulation of ineffective autophagosomes and cell death 

(Amaravadi et al., 2007). The current results revealed that the combination of CQ 
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and phytol inhibited proliferation and increased apoptosis significantly in AGS cells, 

as evidenced by the cleavage of caspase-3 and PARP. These results suggest that 

phytol-induced autophagy protects against apoptosis. 

The KEAP1-Nrf2 system is a major cellular defense mechanism against 

oxidative stress (Hayes and McMahon, 2009). Several reports have revealed that 

during oxidative stress, ROS-mediated KEAP1 inhibition results in the activation of 

Nrf2 and the expression of its target gene p62 (Jain et al., 2010). In addition, p62 can 

interact with KEAP1 via its KIR domain to promote the non-canonical activation of 

Nrf2, thereby creating a positive feedback loop that further amplifies p62 expression 

(Komatsu et al., 2010). In particular, p62 has a positive effect on autophagy and the 

Nrf2-mediated antioxidant response during conditions of oxidative stress. 

Furthermore, p62 is the highest specific adaptor protein for autophagy and plays a 

central role in clearance of protein aggregates. (Johansen and Lamark, 2011; 

Komatsu et al., 2010). Considering that p62 is a receptor for ubiquitinated proteins 

and organelle to degrade them into the lysosomes, the current results showed that 

phytol induces ROS production and increases p62 expression and then the Nrf2-p62 

loop may function to keep the level of p62 protein. Consistent with this, scavenging 

ROS by co-treatment with NAC reduced the levels of p62 and acidic vesicular 

organelles (AVOs) as well as overall cell viability. 

Several stimuli that induce ROS production can also induce autophagy, 

including nutrient starvation, hypoxia, oxidative stress, and some chemotherapeutic 

agents (Lee et al, 2012). Alterations in ROS levels and autophagy play a crucial role 

in the initiation and progression of cancer, and both are recognized as potential 
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targets for cancer treatment (Hale et al., 2013; Mah and Ryan, 2012). Major sources 

of cellular ROS are the mitochondrial electron transport chain, the NADPH oxidase 

(NOX) complex, and the endoplasmic reticulum (Chandel and Budinger, 2007; Poli 

et al., 2004). A recent report revealed that gambogic acid, a polyprenylated xanthone, 

could promote apoptosis and autophagy in colorectal cancer cells, and that inhibiting 

autophagy enhanced the sensitivity to gambogic acid treatment. In addition, the 

accumulation of intracellular ROS via 5-lipoxygenase (5-LOX) was required for 

gambogic acid-induced autophagy (Zhang et al., 2014). Similarly, the current results 

showed that phytol-induced autophagy was prevented when ROS generation was 

blocked by treatment with NAC. Further studies to identify the markers responsible 

for ROS generation after treatment with phytol are required to elucidate the precise 

connection between ROS and autophagy. 

In summary, the current study revealed that phytol could induce both apoptosis 

and protective autophagy in AGS cells. The autophagy inhibitor CQ enhanced the 

inhibitory effects of phytol on cell proliferation and promoted phytol-induced 

apoptosis in gastric cancer cells. These effects were regulated by ROS generation, 

which could lead to protective autophagy via a Nrf2-p62 feedback loop. These data 

suggest that there is crosstalk between apoptosis and ROS-induced autophagy in 

phytol-treated AGS cells, and provide novel insights into the treatment of cancer 

using phytol. The effects of phytol could be enhanced by combination treatment with 

either autophagy inhibitors or ROS scavengers. 
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CHAPTER IV. 2,4-Di-tert-butylphenol, a component of 

chloroform fraction of Citrus unshiu leaf,  

induces senescence and mitotic catastrophe in AGS cells 
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1. ABSTRACT 

Histone deacetylase 6 (HDAC6) is a unique cytoplasmic enzyme which 

contributes to malignant progression in various cancer. Such effect on cancer brings 

more interest on developing HDAC6 inhibitors. Here, we found that 2,4-di-tert-

butylphenol inhibits HDAC6 activity, increases acetylated α-tubulin and reduces β-

catenin expression and cell proliferation. Increase of α-tubulin acetylation by DTBP 

resulted in tubulin polymerization, and consequently, induced aberrant mitosis. 

Moreover, DTBP elicits different effects depending on different concentrations. 

Treatment with high concentrations of DTBP induces cell death by mitotic 

catastrophe, whereas low concentration of DTBP induces senescence with 

upregulation of p21 and Rb, and increase in the phosphorylation of mTOR and the β-

galactosidase activity. We report for the first time that DTBP, which is known as 

antioxidant and antifungal compound, can have anti-proliferative activity due to the 

inhibition of HDAC6 enzyme activity. Therefore, DTBP may be considered as a 

promising new candidate for anti-cancer drug development. 
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2. INTRODUCTION 

Histone deacetylase (HDACs) are group of enzymes that remove the acetyl 

groups of lysine residues in histone and non-histone proteins (Minucci and Pelicci, 

2006). Eighteen distinct HDACs have been identified and are classified into four 

groups; namely, Class Ι (HDAC1, 2, 3 and 8), Class ΙΙ (HDAC4, 5, 6, 7, 9 and 10), 

Class ΙΙΙ (SIRT1-7), and Class ΙV (HDAC11) (Ecker et al., 2013). Among the 18 

HDAC isoenzymes, HDAC6 is mainly localized in the cytoplasm and it deacetylates 

many non-histone proteins such as α-tubulin, heat shock protein HSP90, and 

cortactin (Aldana-Masangkay and Sakamoto, 2011). Deacetylation of α-tubulin by 

HDAC6 is associated with microtubular depolymerization (Hubber et al., 2002; 

Zhang et al., 2007).  

α-Tubulin is known to be acetylated on the lysine residue at position 40 in the 

amino terminus (LeDizet and Piperno, 1987). The acetylation of α-tubulin plays an 

important role in regulating microtubule properties and microtubule-based functions 

such as cell division and intracellular trafficking (Hammond et al., 2008; Sasse and 

Gull 1988). HDAC6 also has the capacity to bind both polyubiquitinated misfolded 

protein cargo and dynein motors for facilitating the transport of ubiquitinated 

proteins to aggresomes. Therefore, HDAC6 is required for autophagic degradation 

(Kawaguchi et al., 2003; Iwata et al., 2005). 

Mitotic catastrophe is a form of aberrant mitosis. Mis-segregation chromosomes 

leads to formation of cells with multinuclei, often followed by impaired viability 

(Roninson et al., 2001). Mitotic catastrophe can be induced by agents that disturb the 

mitotic spindle such as taxol (paclitaxel) (Vakifahmetoglu et al., 2008). In addition to 
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induction of apoptosis, drug-induced senescence, and mitotic catastrophe can provide 

another target for cancer therapy (Morse et al., 2005). Cellular senescence is a 

permanent growth arrest (Muñoz-Espín and Serrano, 2014) which can be induced 

upon treatment with DNA damaging agents that lead to unrepairable double strand 

DNA breaks (Saretzki, 2010). 

2,4-Di-tert-butylphenol (DTBP), a compound that can be isolated from various 

bacterial, fungal, and plant sources, has been reported to contain antibacterial 

(Dehpour et al., 2012), antifungal (Dharni et al., 2014; Rangel-Sánchez et al., 2013; 

Sang et al., 2011), antibiofilm (Padmavathi et al., 2014; Viszwapriya et al., 2016), 

antioxidant (Choi et al., 2013) and anticancer (Sathuvan et al., 2012; Varsha et a., 

2015) activities. Despite recent findings, the mechanisms underlying the anticancer 

activity of DTBP are still poorly understood. In the present study, we found that 

DTBP can inhibit proliferation, induce senescence, and cause mitotic catastrophe in 

AGS human gastric cancer cells. DTBP inhibits HDAC6 activity and this effect 

results in accumulation of acetylated α-tubulin and increases of p21 expression. 

Furthermore, DTBP also exerts its antimitotic activity on A549 human lung cancer 

and MDA-MB-231 breast cancer cells, which proves that its mode of action is not 

restricted to a particular type of cancer. Our results suggest that DTBP is a potential 

lead compound for the development of cancer therapeutic agents. 
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3. MATERIALS AND METHODS 

3-1. Cell culture 

The human gastric adenocarcinoma cell line AGS was obtained from the American 

Type Culture Collection (ATCC, Rockville, MD, USA). The A549 human lung 

adenocarcinoma cell line and MDA-MB-231 human breast carcinoma were kindly 

provided by Professor Min Young Kim of the Department of Biotechnology, and 

Professor Moonjae Cho, Department of Medicine, Jeju National University, Korea, 

respectively. The cells were cultured in DMEM or F-12K containing 10% (v/v) heat 

inactivated FBS. The cells were maintained in an incubator at 37°C in a humidified 

atmosphere of 5% CO2. 

3-2. Cell viability assay 

The effects of the treatments on cell viability were determined using MTT assays as 

previously described. 

3-3. Colony formation assay 

AGS cells were seeded in 24-well plates at 5,000 cells/well and exposed to DTBP for 

5 days. After treatment, cells were fixed with 4% paraformaldehyde and stained with 

crystal violet for 15 min.  

3-4. Flow cytometry 

Cells were seeded in 60-mm plates and treated with DTBP for 24 h. For the Annexin 

V/PI assay, the cells were stained with Annexin V-FITC and PI and analyzed using 

flow cytometry. For the cell cycle and sub-G1 analysis, the cells were harvested, 

washed with phosphate-buffered saline (PBS), fixed in 70% ethanol, rehydrated in 2 

mM EDTA–PBS supplemented with RNase A (25 ng/mL) and stained with PI (40 
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μg/mL). The PI fluorescence intensities of the cells were measured in each sample 

using flow cytometry. 

3-5. Western blotting analysis 

Cell lysates were prepared by RIPA lysis buffer. The protein concentration was 

determined using BCA protein assays kits. Aliquots of the lysates were separated 

using 10–15% SDS-PAGE and transferred to PVDF membranes using a glycine 

transfer buffer (192 mM glycine, 25 mM Tris-HCl pH 8.8, and 20% methanol (v/v). 

After blocking with 5% non-fat dried milk, the membrane was incubated with 

primary antibodies followed by 30 min with secondary antibodies in Tris-buffered 

saline (TBS) containing 0.5% Tween-20. Most primary antibodies were used in 

1:1,000 dilutions except for β-actin (1:10,000 dilution), and the horseradish 

peroxidase-conjugated goat anti-rabbit IgG secondary antibodies (Vector 

Laboratories, Burlingame, CA, USA) were used in 1:5,000 dilutions. Protein bands 

were detected using the BS ECL-Plus Kit (Biosesang, Gyeonggi-do, Korea). 

3-6. Immunofluorescence staining 

AGS cells were treated with DTBP or paclitaxel for 24 h and then fixed in 4% 

paraformaldehyde for 30 min at room temperature followed by blocking and 

permeabilization in PBS containing 10% serum and 0.1% Triton X-100 for 1 h at 

room temperature. After blocking, cells were incubated with the primary antibody for 

overnight at 4°C. Following incubation, cells were washed with three times with PBS 

and incubated with secondary antibody for 1 h. After rinse with PBS, Hoechst 33342 

were added, cells were mounted and examined under microscope. 

3-7. Tubulin polymerization assay 
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Cells were treated with DTBP or paclitaxel for 24 h and then lysed with tubulin 

extraction buffer. After a short and vigorous vortex, the cell lysates were incubated at 

room temperature for 5 min and then centrifuged at 21,000×g for 10 min. Each 

supernatant and pellet fraction was resolved on 10% SDS-polyacrylamide gels. The 

resolved proteins were then subjected to Western blotting with a specific α-tubulin 

antibody. 

3-8. Senescence associated-β-galactosidase staining 

AGS cells were cultured in 12-well plate and then treated with DTBP for 3, 4 and 5 

days. Cells were fixed with 4% paraformaldehyde for 10 min at room temperature. 

Cell were incubated overnight at 37°C in freshly made staining solution and 

photographed under a microscope. 

3-9. In silico docking 

The process for the docking experiments followed to the methods reported 

previously (Shin et al., 2013). 

3-10. Statistical analysis 

The significance of differences between groups was determined using one-way 

analysis of variance (ANOVA). The Western blots shown are representative of a 

group of experiments, and graphs represent the means ± standard deviations of at 

least two independent experiments.  
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4. RESULTS 

4-1. DTBP as a potential therapeutic compound detected in Citrus unshiu leaves 

extract 

The n-hexane, chloroform, ethyl acetate, n-butanol, and H2O fractions, obtained in a 

stepwise manner to investigate the anti-cancer compounds from the Citrus unshiu 

leaves methanol extracts. The effects of various concentrations of extracts on the 

growth of human gastric cancer AGS cells were examined using a MTT-based assay. 

Among tested extracts, the chloroform fraction appeared to exert the most potent 

effects on AGS cells (Fig. 4-1A). The GC-MS analysis of chloroform fraction 

identified 14 compounds in the fraction (Table 4-1). In terms of % peak area, cholest-

5-en-3.beta-yl-methyl ether (32.14%), alpha-tocopherol (13.42%), campesterol 

(6.22%), stigmasterol (6.00%), lupeyl acetate (5.05%), beta-tocopherol (3.69%), and 

2,4-di-tert-butylphenol (1.31%) were found to be seven major compounds. MTT 

assay showed that 2,4-di-tert-butylphenol (DTBP) has the highest toxicity towards 

the AGS cells (Fig. 4-1B). Thus, we presume that DTBP is likely to be the most 

potent anticancer candidate present in Citrus unshiu leaves.  
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Figure 4-1. Cell viability of AGS cells. Effects of solvent fractions (A) and 

compounds (B) on the viability were determined by MTT assay. 
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Table 4-1. Compounds identified in chloroform fraction of Citrus unshiu leaf. 

No. RTa) Constituent b) Area % c) 

1 19.60 2,4-Di-tert-butylphenol 1.31 

2 21.98 4-(1,1,3,3-Tetramethylbutyl)phenol 0.45 

3 25.13 Coniferol 0.44 

4 30.19 Pentadecanoic acid 0.18 

5 31.00 6,7-Dimethoxycoumarin 0.14 

6 35.01 Phytol 0.90 

7 41.10 (Z)-9-Octadecenamide 0.19 

8 43.03 Tetracosane 0.38 

9 45.60 beta-Tocopherol 3.69 

10 47.83 Cholest-5-en-3.beta-yl-methyl ether 32.14 

11 48.68 alpha-Tocopherol 13.42 

12 51.31 Lupeyl acetate 5.05 

13 51.72 Campesterol 6.22 

14 53.09 Stigmasterol 6.00 
a Retention time (min) 

b Compounds tentatively identified based on parent molecular ions, retention times, 

and elution order, as well as the fragmentation pattern described in the literature 

c Relative peak area percentage (peak area relative to the total peak area %).  
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4-2. Growth inhibitory effect of DTBP 

To examine the anticancer activity of DTBP, we first measured the effect of various 

concentrations of DTBP on the proliferation by MTT assay and crystal violet staining. 

As indicated in Fig. 4-2A and B, treatment of AGS cells with DTBP resulted in a 

dose-dependent reduction of cell viability. A similar dose-dependent reduction of cell 

viability was also observed in A549 and MDA-MB-231 cells (data not shown). The 

colony formation assay also demonstrated decrease in survival fraction after 

treatment with DTBP for 5 days (Fig. 4-2C). However, Annexin V/PI staining 

revealed that the cells after treatment with 5, 10, and 20 μM did not induce any cell 

death, suggesting that proliferation of the cells at these concentrations is inhibited 

and cell death is minimal (Fig. 4-2D and E). 
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Figure 4-2. DTBP inhibits the proliferation of AGS cells. AGS cells were treated 

with various concentrations of DTBP for 24 h, and the cell viability was determined 

by MTT assay (A) and crystal violet staining (B). (C) The growth inhibition effects 

were measured by colony formation assay. (D and E) Cells were treated with DMSO 

or various concentrations of DTBP for 24 h. Then they were stained with annexin V 

and PI and analyzed by flow cytometry.  
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4-3. Effects of DTBP on the cell cycle 

To examine the mechanism for DTBP-induced growth inhibition, cell cycle 

distribution was analyzed by flow cytometry. As shown in Fig. 4-3A, concentration 

of DTBP 5, 10, and 20 μM did not significantly change cell cycle distribution while 

40 μM dramatically induced apoptotic cells (sub-G1). However, doublet or 

multinucleated populations were dose-dependently increased (Fig. 4-3B), and 

phosphorylated histone H3, a marker of mitosis, was decreased in response to DTBP 

treatment (Fig. 4-3C). Moreover, cleavage of caspase-3 and PARP were detected 

only at 40 μM (Fig. 4-3D). These data suggest that low concentrations of DTBP 

could induce mitotic slippage in AGS cells. 
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Figure 4-3. DTBP induces mitotic slippage in AGS cells. (A and B) The cell cycle 

distribution of AGS cells treated with DTBP for 24 h was measured by flow 

cytometry with PI staining. (C and D) Cells were treated with DTBP for 24 h, then 

whole cell extracts were extracted and subjected to Western blot analysis.  
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4-4. DTBP induces senescence in AGS cells 

AGS cells treated with low concentration (5, 10, and 20 μM) of DTBP exhibited 

characteristics of senescence such as cell viability, metabolic activeness, and 

permanent growth arrest. Therefore, we determined whether growth arrested AGS 

cells do undergo senescence. It is well known that senescent cells express a 

senescence-associated β-galactosidase (SA-β-Gal), which is detectable at pH 6.0 

using X-gal. Our results showed that DTBP-treated cells expressed SA-β-

galactosidase (Fig. 4-4A). Moreover, expression of p21 and Rb proteins, which are 

believed to have important roles in regulating cellular senescence (Borlon et al., 2008; 

Schmitt et al., 2002), were up-regulated by DTBP treatment (Fig. 4-4B). mTOR 

activity is known to be related with senescence, and inhibition of mTOR by 

rapamycin delays senescence (Leontieva and Blagosklonny, 2010; Xu et al., 2014). 

As shown in Fig. 4-4C, DTBP treatment increased phosphorylation of mTOR but not 

Akt. Altogether, these results indicate that induction of senescence contributes to the 

inhibitory effect of DTBP on the proliferation of AGS cells. 
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Figure 4-4. DTBP induces senescence via mitotic slippage. (A) AGS cells were 

incubated with DTBP for 3-5 days and stained for SA-β-galactosidase activity to 

detect senescence. (B and C) The expression of proteins in AGS cells treated with 

DTBP for 24 h was analyzed by Western blot.  
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4-5. DTBP induces aberrant mitosis and multinucleated cells  

The microscopic inspection of AGS cells revealed that DTBP increased the level of 

multinucleated cells and scattered microtubule fragments (Fig. 4-5A). To evaluate the 

effect of DTBP on microtubule assembly dynamics, we determined cellular tubulin 

levels. As shown in Fig. 4-5B, DTBP exposure in AGS cells caused an increase in the 

proportion of polymerized (pellet) tubulin. Moreover, we also observed tubulin 

hyperpolymerization by DTBP treatment in A549 and MDA-MB-231 cells (Fig. 4-

5C). Since dysregulated mitosis can lead to DNA damage, we evaluated the levels of 

phosphorylated H2AX. Only at high concentrations of DTBP (40 or 60 μM) 

significantly increased H2AX phosphorylation and PARP cleavage (Fig. 4-5D). Thus, 

we concluded that DTBP induce cell death by mitotic catastrophe at high doses. 
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Figure 4-5. DTBP induces microtubule polymerization and mitotic catastrophe. (A) 

Microtubular polymerization was analyzed by immunostaining of α-tubulin (red) and 

nuclei staining by Hoechst 33342 (blue). (B and C) The levels of polymerized and 

depolymerized tubulin in AGS, A549, and MDA-MB-231 cells treated with DTBP 

for 24 h were analyzed by Western blot. (D) The expression of PARP and γ-H2AX 

proteins in cells treated with DTBP for 24 h was analyzed by Western blot. 
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4-6. DTBP inhibits HDAC6 activity 

It is widely accepted that acetylation of α-tubulin at lysine 40 is a posttranslational 

modification associated with more stable, long-lived, and less dynamic microtubules 

(Cambray-Deakin and Burgoyne, 1987; Houliston and Maro, 1989; Maruta et al., 

1986; Matov et al., 2010; Matsutama et al., 2002; Piperno et al., 1987; Tran et al., 

2007; Webster and Borisy, 1989). HDAC6, the tubulin deacetylase, plays a key role 

in maintaining typical distribution of acetylated microtubules in cells (Hubbert et al., 

2002; Matsuyama et al., 2002). DTBP treatment increased acetylation of α-tubulin 

and decreased β-catenin expression (Fig. 4-6). β-catenin is phosphorylated by 

GSK3β and becomes a target for β-TrCP-mediated degradation (Zhou et al., 2004). 

However, DTBP treatment did not change the level of GSK3β phosphorylation (Fig. 

4-6A) and Ser473 phosphorylation of Akt, an active form of upstream kinase hat 

phosphorylates Ser9 of GSK3β (Fig. 4-4C). Thus, Akt/GSK3β pathway is not 

responsible for the β-catenin degradation. HDAC6 deacetylates β-catenin and 

enhances its nuclear translocation and promoter binding. Inhibition of HDAC6 

activity leads to increased β-catenin acetylation and phosphorylation, suggesting that 

acetylation of β-catenin regulates its stability (Schofield et al., 2013; Wang et al., 

2014; Zhu et al., 2011). We next investigated the molecular binding mode between 

DTBP and HDAC6 was elucidated using in silico docking. Since the three-

dimensional (3D) structure of human HDAC6 deposited in the protein data bank only 

contains zinc-finger domain, the 3D structure of zebrafish including zinc-finger 

domain as well as catalytic domain was selected. Among 18 3D structures deposited 

in the protein data bank, 5g01.pdb is consisted of the most residues, 25 – 831 
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(Miyake et al., 2016). It is a X-ray crystallographic structure with 1.99Å  resolution 

and contains 1-(4-(hydroxycarbamoyl)benzyl)-1-butyl-3-phenylurea (named as 

Nexturastat A) as its ligand (Fig. 4-7). The HDAC6 structure (5g01.pdb) includes its 

ligand as well as zinc, potassium and chloride ions. It consists of a homodimer, but 

chain A was selected for use. To obtain the apo-protein, only its ligand was deleted 

using the Sybyl 7.3 program (Tripos, St. Louis, MO, USA) (Shin et al., 2013). 

HDAC6 is composed of two catalytic domains, CD1 and CD2. Since they participate 

in the activity of the enzyme, both CD1 and CD2 have been used for in silico 

docking. The binding site of the ligand was analyzed using the LigPlot program 

[Proteins;37:228] as follows: (CD1) His82, Pro83, Ser150, His193, Gly201, Phe202, 

Asp230, His232, Trp261, Asp323, and Tyr363, (CD2) His463, Pro464, Ser531, 

Pro571, His574, Gly582, Phe583, Asp612, His614, Phe643, Asp705, Leu712, and 

Tyr745. The 3D structure of DTBP was obtained from PubChem (CID: 8372). We 

followed the methods reported previously (Shin et al., 2013) for detailed docking 

experiment process. Since 30 iteration of the docking process was performed, 30 

complexes were generated. Of those complexes, one showing the best binding energy 

and docking pose was chosen. While the binding energy between HDAC6 and its 

original ligand, Nexturastat A in CD1 ranged from -29.04 kcal/mol·Å  to -27.48 

kcal/mol·Å , that between HDAC6 and DTBP in CD1 ranged from -6.54 kcal/mol·Å  

to -2.59 kcal/mol·Å . Likewise, the binding energy in CD2 of the HDAC6 - 

Nexturastat A complex ranged between -27.10 kcal/mol·Å  and -23.32 kcal/mol·Å , 

and that of the HDAC6 - DTBP complex ranged between 8.12 kcal/mol·Å  and 5.28 

kcal/mol·Å . As shown in Fig. 4-8, while the ligands were docked inside the binding 
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pocket in the HDAC6 - Nexturastat A complex (A), the ligands were bound at the 

entrance of the binding pocket in the HDAC6 - DTBP complex (B). As shown in Fig. 

4-9, the entrance of the binding pocket consists of hydrophobic residues. However, 

the deep site of the binding pocket is composed of hydrophilic residues, and zinc ion 

is placed inside the pocket. As a result, DTBP can be docked at the entrance of the 

binding pocket, but cannot enter inside the pocket because of its high logP value, 

which was calculated to be 5.05 by the ChemDraw program (PerkinElmer, Shelton, 

CT, USA). This is the reason why the binding energy of the HDAC6 - DTBP 

complex is less than that of the HDAC6 - Nexturastat A complex. 
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Figure 4-6. DTBP inhibits HDAC6 enzyme activity. Cells treated with various 

concentrations of DTBP for 24 h were analyzed by Western blotting and probed for 

α-tubulin, acetyl-α-tubulin, β-catenin, GSK3β, p-GSK3β, p21 and β-actin (loading 

control).  
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Figure 4-7. The structures of (A) 1-(4-(hydroxycarbamoyl)benzyl)-1-butyl-3-

phenylurea (named as Nexturastat A) and (B) 2,4-di-tert-butylphenol (DTBP). 
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Figure 4-8. (A) A total of 30 HDAC6(CD1) - Nexturastat Acomplexes obtained from 

in silico docking experiments and (B) 30 HDAC6(CD1) - DTBP complexes.  
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Figure 4-9. The image of the binding pocket of HDAC6 obtained from the X-ray 

crystallographic structure (5g01.pdb) where brown color and green color indicate 

hydrophobicity and hydrophilicity, respectively. 
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5. Discussion 

The experiments presented here show that DTBP induces cell death by mitotic 

catastrophe in cancer cells. Specifically, treatment with DTBP inhibits HDAC6 

activity, and this inhibitory effect increases acetylated α-tubulin and disrupts 

microtubule dynamics. 

It is well known that HDACs are promising therapeutic intervention targets in 

cancer and cancer-related diseases (Tang et al., 2013). HDAC6 is a member of the 

classΙΙb family of HDACs, and it acts as a cytoplasmic deacetylase associated with 

microtubules and deacetylates α-tubulin (Hubbert et al., 2002). In addition, HDAC6 

has been reported to be overexpressed in a number of human cancer cell lines. Many 

studies have suggested that HDAC-mediated gene suppression can cause 

uncontrolled cell growth because HDACs suppress the transcription of cyclin-

dependent kinase inhibitors (CDKIs), allowing continued cellular proliferation (Noh 

et al., 2011; Xie et al., 2012). 

Common cancer treatment drugs aim to induce cell death and apoptosis, which 

are considered as prerequisites for preventing malignant cell growth. Several studies 

demonstrated that cellular senescence can occur in vivo and may provide a critical 

barrier for cancer development and cancer progression (Ewald et al., 2010). In fact, 

treatment of cancer cell lines with different chemotherapeutic drugs induces 

irreversible growth arrest associated with senescence like-phenotype (Chang et al., 

1999; Vergel et al., 2010). Indeed, induced-senescence appears to be a promising 

alternative strategy for cancer treatment. Our results show that low concentrations of 

DTBP induce senescence in AGS cells. We found that DTBP-treated AGS cells 
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exhibited markers of senescence including SA-β-galactosidase activity, cell cycle 

arrest, and elevated expression of the cyclin-dependent kinase inhibitor, p21.  

Senescence is triggered by DNA damage to cells which respond via the 

induction of a group of genes responsible for the development of the senescence 

phenotype (Larsson et al., 2004). The decision of the cell to undergo either apoptosis 

or senescence is dependent, at least in part, upon the magnitude of DNA damage of 

cancer cells. Low levels of DNA damage may induce senescence without activating 

the apoptotic pathway. Several studies reported that many senescence inducing drugs 

generate DNA damage. In fact, treatment of prostate cancer cells with high doses of 

doxorubicin, a DNA-damage inducing chemotherapeutic drug, lead to apoptosis, 

while a lower dose of doxorubicin induces senescence (Rebbaa et al., 2003).  

The expression of the cyclin-dependent kinase inhibitor p21 has been implicated 

in chemotherapy induced cell cycle arrest in various human cancers (Gao et al., 2010; 

Han et al., 2002; Schwarze et al., 2001). The contribution of p21 to cellular 

senescence has been demonstrated by numerous studies (Han et al., 2002; Schwarze 

et al., 2001; Romanov et al., 2010). In fact, p21 has been found to be upregulated in 

senescent cells. Moreover, forced overexpression of p21 was shown to be sufficient 

to induce cell cycle arrest, and premature senescence in wild-type and mutant p53 

cells (Larsson et al., 2004). In line with these data, we report that DTBP at low 

concentrations is able to induce maintained upregulation of p21 expression in the 

cancer cells. In particular, DTBP upregulated p21 expression in p53 mutated MDA-

MB-231 cells. It has been reported that histone hyperacetylation is directly linked to 

the upregulation of p21, and this activation can also occur independent of p53 (Wang 
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et al., 1998).  

In summary, DTBP treatment with low concentration induces a limited DNA 

damage and p21 upregulation which subsequently results in the induction of 

senescence. In contrast, high concentrations of DTBP triggers cell death by 

disrupting microtubules. These results reveal a novel mechanism of DTBP against 

cancer cells and provides experimental evidence that this compound represent 

promising lead structures for the development of more potent HDAC6 inhibitors.  
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