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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 [1]. Known for its 
medicinal value, phytol has antinociceptive and antioxidant activities 
[2], as well as anti-inflammatory [3] and immunostimulatory effects 
[4]. Phytol also elicits antimicrobial activity against Mycobacterium 
tuberculosis [5,6] and Staphylococcus aureus [7]. Several reports have 
assessed the anticancer activities of plant extracts that contain phytol 
as a major component [8-10]. Similar to these findings, a recent reports 
assessed the apoptosis induction in hepatocellular carcinoma cells [11] 
and the cytotoxic effects of phytol using MTT assays in several tumor 
cell lines in vitro [12]. 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 [13]. 
There are two major representative apoptotic pathways: the extrinsic 
pathway, which is 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) [14]. 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 [15,16].
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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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Autophagy is an evolutionarily conserved cellular degradation 
pathway for long-lived proteins and organelles [17]. Induction of 
autophagy might maintain cancer survival under metabolic stress and 
mediate resistance to anticancer therapies [18]. Thus inhibition of 
autophagy enhances cancer cell death and potentiates various anticancer 
therapies [19,20]. High levels of autophagy can induce a form of cell 
death known as type II cell death or autophagic cell death [21]. 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 [22]. During the initial 
stages of autophagy cellular proteins, organelles, and the cytoplasm are 
sequestered and engulfed by intracellular double membrane-bound 
structures called 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 [23]. 
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 [24]. Through a comprehensive analysis of LC3-binding, 
p62 was identified as an LC3-interacting protein [25-27]. Because LC3-
II present in the inner membrane of the autophagosome is degraded 
together with other cellular constituents by lysosomal proteases, p62 
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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 [26]. Therefore, 
p62 is considered to act as a receptor for ubiquitinated proteins, which 
it sequesters into the autophagosome [28] 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•) [29]. 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 [30,31]. 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 [32,33]. 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) [34]. 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 [35]. 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.

Materials and Methods
Cell lines and 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 37oC in 
a humidified atmosphere containing 5% CO2.

Reagents

F-12K medium, trypsin/EDTA, and fetal bovine serum (FBS) were 
purchased from Invitrogen (Carlsbad, CA, USA). Phytol (Figure 1A), 
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).

Cell viability assays
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 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-L DMSO. The absorbance at a 
wavelength of 570 nm was measured in the microplate reader (Tecan, 
Grodig, Austria).

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, 
10M 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).

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.

Western blotting analysis

Cell lysates were prepared by incubating cells in 150 μL of lysis 
buffer (100 mM Tris-HCl, pH 8, 250 mM NaCl, 0.5% Nonidet P-40, 
1× protease inhibitor cocktail), disrupted by sonication, and extracted 
at 4C 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 
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Figure 1: (A) Chemical structure of phytol (3,7,11,15-tetramethylhexadec-2-en-
1-ol). (B) 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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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).

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was extracted from cells using TRIzol reagent (Invit-
rogen). Reverse transcription was carried out using the reverse tran-
scription 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-s denaturation at 95°C, 
40-s annealing at 57°C, and 40-s elongation at 72°C. PCR products (5 
μL) were separated on 1.2% agarose gels and then stained with ethid-
ium bromide. PCR primers for amplification were as follows: p62, for-
ward 5’-AAGCCGGGTGGGAATGTTG-3’, reverse 5’-GCTTGGCCCTTCG-
GATTCT-3’; HO-1, forward 5’-ACTTCCCAGAAGAGCTGCAC-3’, reverse 
5’-GCTTGAACTTGGTGGCACTG-3’; NQO-1, forward 5’-GGGCAAGTC-
CATCCCAACTG-3’, reverse 5’-GCAAGTCAGGGAAGCCTGGA-3’; GAP-
DH, forward 5’-GAGAAGGCTGGGGCTCATTT-3’, reverse 5’-AGTGATG-
GCATGGACTGTGG-3’.

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.

Results
Phytol induces apoptosis in AGS cells

The antiproliferative effects of phytol on AGS cells are shown 
in Figure 1B. 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 (Figure 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 Figure 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 (Figure 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 [36,37]. 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 Figure 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.

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 [38]. Large numbers of 
AVOs (red aggregates) were detected in phytol-treated AGS cells, 
indicating an induction of autophagy (Figure 3A). The conversion 
of LC3-I into LC3-II followed by the localization and aggregation 
of LC3-II in autophagosomes is an autophagosomal marker [39]. 
Previous studies confirmed that inhibition of the Akt/mTOR 
pathway triggers autophagy [19]. Activated Akt, which provides 
key signals to downstream molecules such as mTOR, can inhibit 
autophagy and promote cell survival [40]. As shown in Figure 3B, 
phytol suppressed the phosphorylation of Akt, mTOR, and p70S6K, 
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Figure 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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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 
[41]. 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 (Figure 3C and 3D).

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 Figure 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 (Figure 4B). Furthermore, the amount 
of the cleaved forms of caspase-3 and PARP proteins was also increased 
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Figure 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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Figure 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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after co-treatment with phytol and CQ (Figure 4C). The results of MTT 
assays showed that cell viability was decreased further when autophagy 
was blocked using CQ (Figure 4D). Taken together, these data strongly 
suggest that inhibiting autophagy enhanced apoptotic cell death in 
AGS cells treated with phytol.

Phytol induces ROS mediated Nfr2 cytoprotective pathways

Because the results described above showed that phytol increased 
the levels of p62 (Figure 3C) and it has been reported p62 promotes 
ROS production [41], 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 Figure 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 (Figure 5B and 5C). 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 (Figure 5A) and correspondingly p62 protein 
levels as well as the percentage of AVOs positive cells were reduced 
(Figure 5D-5G). In particular, co-treatment with NAC enhanced the 
cytotoxic effects of phytol (Figure 5H). Together, these results suggest 
that phytol-induced ROS can facilitate protective autophagy via Nrf2 
antioxidant pathway (Figure 6).

Discussion
Phytol is widespread in nature because it is a constituent of 

chlorophyll [42]. It is a common food additive, and information 
regarding the oral bioavailability of phytol in mice revealed that it is 
well absorbed [43]. 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 [1]. Some reports 
suggested that phytol derivatives might activate nuclear hormone 
receptors and modulate gene expression and cell differentiation [44]. 
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Figure 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 
was 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. Acidic vesicular organelles (AVOs) were 
analyzed using fluorescent microscopy (F) or flow cytometry (G) in AGS cells 
treated with phytol and/or NAC for 24 h. (H) The viability of AGS cells was 
determined using MTT assay. *p<0.05.

 

Figure 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., and Komatsu et al.) and activates Nrf2, completing a 
positive feedback loop (red arrow). Increased p62 levels can induce autophagy 
in AGS cells, and also has 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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Phytol can activate peroxisome proliferator-activated receptor α 
(PPARα) directly and thereby regulate the expression of genes related 
to lipid metabolism [45]. It also exerts therapeutic effects in models of 
arthritis and seizures in mice [46,47]. In addition, several reports have 
revealed that plant extracts containing phytol as a major component 
have anticancer activities [8-10].

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 (to be published in Journal of the Korean Society for Applied 
Biological Chemistry, 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 [12]. However, in the current studies 
milder toxicity was detected 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 [48]. Previous studies revealed that several 
anticancer drugs induced both apoptosis and autophagy in cancer cells 
[49]. The relationship between autophagy and apoptosis is complex, 
and varies according to the individual cell types and the specific stress 
placed upon the cell [50]. 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 [51,52]. 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 [53]. 
The current results revealed that the combination of CQ 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 [54]. 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 [34]. 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 [35]. 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 [28,35]. 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 [55]. Alterations in ROS levels 
and autophagy play a crucial role in the initiation and progression 
of cancer, and both are recognized as potential targets for cancer 
treatment [56,57]. Major sources of cellular ROS are the mitochondrial 
electron transport chain, the NADPH oxidase (NOX) complex, and 
the endoplasmic reticulum [29,30]. 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 [10]. 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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