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Abstract
Background: Terpinen-4-ol, a monoterpene, is found as the main component of essential oil extracts from
many plants. In this study apoptotic and autophagic types of cell death induced by terpinen-4-ol and associated
mechanisms were investigated in human leukemic HL-60 cells. Materials and Methods: The cytotoxicity of
human leukemic U937 and HL-60 cells was determined by MTT assay. Cytochrome c release, expression of Bax,
Bcl-2, Bcl-xl and cleaved Bid were determined by Western blotting. Cell morphology was examined under a
transmission electron microscope. LC3-I/II, ATG5 and Beclin-1 levels were detected by immunoblotting. Results:
Terpinen-4-ol exhibited cytotoxicity to human leukemic HL-60 but not U937 cells. The apoptotic response to
terpinen-4-ol in HL-60 cells was due to induction of cytochrome c release from mitochondria and cleavage of Bid
protein after the stimulation of caspase-8. There was a slightly decrease of Bcl-xl protein level. The characteristic
cell morphology of autophagic cell death was demonstrated with multiple autophagosomes in the cytoplasm.
At the molecular level, the results from Western blot analysis showed that terpinen-4-ol significantly induced
accumulation of LC3-I/II, ATG5 and Beclin-1, regulatory proteins required for autophagy in mammalian cells.
Conclusions: Terpinen-4-ol induced-human leukemic HL-60 cell death was via both autophagy and apoptosis.
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Introduction
Apoptosis is a form of cellular suicide that is essential
for development and tissue homeostasis of all multicellular
organisms. Caspases, a family of cysteine-dependent
aspartate directed-proteases, play critical roles in
initiation and execution of apoptosis. Two relatively wellcharacterized apoptotic pathways have been identified.
The first pathway is mediated by death receptors, such
as Fas or tumor necrosis factor (TNF) receptor (Guo
et al., 2002). In the intrinsic pathway, the integrity of
mitochondrial membranes is primarily controlled by
a balance between the antagonistic actions of the proapoptotic and anti-apoptotic members of the Bcl-2 family
(Lewis et al., 2005).
Change in expression of the Bcl-2 family members
resulting in a decrease of anti-apoptotic (e.g., Bcl-2,
Bcl-xl) and an increase of pro-apoptotic (e.g., Bax, Bak)
proteins may cause mitochondrial release of several
pro-apoptotic molecules. After cytochrome c and Smac/
Diablo release from mitochondria, cytosolic activation of
intrinsic caspase cascade is promoted through formation
of apoptosome and inhibition of the inhibitor-of-apoptosis
proteins (IAPs), respectively. Caspases sequencespecifically cleave various endogenous cellular substrates
and induce morphological and biochemical features of
apoptosis including cell shrinkage, DNA fragmentation,

chromatin condensation, and membrane blebbing
(Karmakar et al., 2007).
Macroautophagy (autophagy) is an evolutionarily wellmaintained catabolic process where a cell self-digests its
cytoplasmic contents (literally “eats itself”). In eukaryotic
cells, autophagy is a key mechanism for long-lived protein
degradation and organelle turnover, and serves as a critical
adaptive response that recycles energy and nutrients during
starvation or cellular stress (Rubinsztein et al., 2007). The
role of autophagy as a survival mechanism in response
to these diverse stressors has been well established.
Moreover, it has become increasingly clear that a basal
level of autophagy serves as housekeeping functions
vital for maintaining cellular homeostasis; especially, the
failure to clear protein aggregates or damaged organelles
by autophagy has been implicated in multiple pathological
conditions, including cancer (Chen and Debnath, 2010).
Terpinen-4-ol is a terpene that usually found as a main
component in essential oil from plants, such as rhizomes
of Cassumunar ginger; Plai in Thai; (Zingiber montanum
(Koenig) Link ex Dietr.) (Paisooksantivatana and Buain, 2009), leaves and terminal branches of Melaleuca
alternifolia (Myrtales: Myrtaceae) (Pazyar et al., 2013).
Terpinen-4-ol has many pharmacological activities such
as anti-inflammation (Hart et al., 2000; Jeenapongsa et
al., 2003), and anti-hypersensitivity (Lahlou et al., 2003).
Furthermore, bactericidal (Loughlin et al., 2008) and
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antifungal properties (Mondello et al., 2006) have also
been found in terpinen-4-ol. Moreover, cytotoxicity of
terpinen-4-ol on cancer cell lines, e.g., melanoma, has
been reported (Calcabrini et al., 2004); which potently
induces cell cycle arrest, apoptosis and necrotic cell death
(Greay et al., 2010). There is no report of the clinically
curative effect of terpinen-4-ol on cancer treatment,
but terpinen-4-ol contained anti-inflammatory activity.
A pivotal causative role of inflammation on cancer
development is well established. Hence, the anti-cancer
activity and mechanism of cell death induced by terpinen4-ol were studied in human leukemic HL-60 cell model.

Materials and Methods
Chemicals
(+)-Terpinen-4-ol, MTT (3-(4,5-dimethyl)-2,5diphenyl tetrazolium bromide, propidium iodide (PI)
and 3,3’-dihexyloxacarbocyanine iodide (DiOC6) were
obtained from Sigma-Aldrich (St. Louis, MO, USA).
RPMI-1640 medium, DEVD-AFC (Asp-Glu-Val-Asp7-amino-4-trifluoromethylcoumarin) and IETD-AFC
(Ile-Glu-Thr-Asp-amino-4-trifluoromethylcoumarin)
were obtained from Invitrogen, USA. Mouse monoclonal
anti-Bcl-2, anti-cytochrome c, anti-Beclin-1 and anti-Bax;
rabbit polyclonal anti-Bid, anti-LC3-1/II and anti-Bcl-xl;
rabbit monoclonal anti-ATG5 antibodies and horseradish
peroxidase (HRP) conjugated secondary antibodies
were purchased from Abcam, Cambridge, UK. Mouse
monoclonal antibodies to cytochrome c and β-actin were
obtained from Santa Cruz Biotechnology, CA, USA.
Annexin-V-FLUOS staining kit was obtained from Roche,
Basel, Switzerland. BCA protein assay kit was obtained
from Biorad, Hercules, CA, USA. SuperSignal West Pico
Chemiluminescent Substrate was purchased from Pierce,
Rockford, IL, USA.
Cell culture
Human monocytic leukemia U937 cells and human
promyelocytic leukemic HL-60 cells were gifts from
Dr. Watchara Kasinroek (Faculty of Associated Medical
Science, Chiang Mai University) and Assoc. Prof. Dr.
Sukathida Ubol (Department of Microbiology, Faculty
of Science, Mahidol University), respectively. The cells
were cultured in 10% fetal bovine serum in RPMI-1640
medium supplemented with penicillin G (100 units/ml)
and streptomycin (100 μg/mL) at 37°C in a humidified
atmosphere containing 5% CO2.
Cytotoxicity test
HL-60 and U937 cells were plated at 25104 cells
per well in 96-well plates. The cells were grown in the
presence of terpinen-4-ol at concentrations ranging from
10-160 μM for 24 h. Following terpinen-4-ol treatment,
cell viability was assessed by 3-(4,5-dimethylthiazol2yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Briefly, MTT dye solution was added and incubated in
CO2 incubator for 4 h. Then, 100 µL of DMSO was added
to dissolve the dye crystals. Absorbance was measured
by using a microplate reader (Biotek, USA) at 570 nm.
The percentage of cell viability was calculated and 20%
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and 50% inhibitory concentrations (IC20 and IC50) were
determined (Banjerdpongchai et al., 2008). In each
experiment, determinations were carried out in triplicate.
Determination of reactive oxygen species (ROS)
production
Human leukemic HL-60 cells (5x10 5 cells/mL
in 24-well culture plate) were treated with various
concentrations of terpinen-4-ol, respectively. The cells
were cultured at 37°C under 5% CO2 atmosphere for 24
h. The hydrogen peroxide (H2O2, 3% (v/v)) was used as
positive control. The cells were washed twice with PBS
then the cells were loaded with 10 mM of DCFH2-DA
solution and incubated for 15 minutes before proceeded
to flow cytometer (Banjerdpongchai et al., 2011).
Determination of caspases-8 activity
Human leukemic HL-60 cells (1 5 10 6 cells/well
in 24 well-culture plate) were treated with various
concentrations of terpinen-4-ol for 4 h. Then the treated
cells were washed with ice-cold PBS and centrifuged at
2005 g at room temperature for 5 min. Then the cell pellets
were lysed with lysis buffer for 15 minutes on ice. The
cell suspension was then centrifuged at 10,0005 g for 10
minutes and 50 µL supernatant was transferred to 96-well
plate. The reaction buffer was prepared by adding 10 µL
of DTT to 1 mL of 25 reaction buffer. The reaction buffer,
50 µL, was added to each well. Caspase-8 fluorogenic
substrate (IETD-AFC), 5 µL, was added and incubated
at 37°C for 1 h. The fluorescence was measured at
excitation wavelength of 400 nm and emission wavelength
of 505 nm by fluorescence plate reader (Biotek, USA)
(Banjerdpongchai et al., 2010).
Transmission electron microscopy
HL-60 cells (35106 cells/well in 6-well culture plate)
were treated with terpinen-4-ol at IC20 concentration and
treated with rapamycin (30 nM) as a positive control for
autophagic cell death. The cells were cultured at 37°C
under 5% CO2 atmosphere for 24 h. Then the treated
cells were washed with ice-cold PBS and centrifuged at
2005 g at room temperature for 5 min. The cell pellet
was fixed in 1% glutaraldehyde in PBS for overnight.
The cells were washed triple times with PBS and were
embedded in 2% agarose. Then, fine pieces of embedded
cells were fixed in 2% osmium tetroxide in PBS for 1 h
and were washed twice with PBS. After that, the samples
were dehydrated in 50% ethyl alcohol twice each for 5
minutes, in 70% ethyl alcohol twice each for 5 minutes,
in 85% ethyl alcohol twice each for 5 minutes, in 95%
ethyl alcohol twice each for 10 minutes and 100% ethyl
alcohol thrice each for 10 minutes, in propylene oxide
twice each for 10 minutes, in propylene oxide: resin (2:1)
for 30 minutes and in propylene oxide: resin (1:1) for 90
minutes, respectively. The pellets were transferred to fresh
pure resin in embedding molds and incubated overnight
at room temperature. The blocks were polymerized at
60°C for 2 days. Then, the blocks were selected for an
appropriate area and were cut into approximately 80 nm
sections with a diamond knife and stained with uranyl
acetate and lead citrate. The samples were observed with a

JOEL 1200 EXII transmission electron microscope (TEM)
at an accelerating voltage of 80 kV (Santin et al., 2013).
Western blot analysis
After treatment, cells were washed twice with PBS
and lysed in 100 µL of RIPA buffer at 4°C for 15 minutes,
then centrifuged at 12,000 5 g for 15 minutes. The
precipitates were removed and the solutions were stored
at -80°C. Concentration of protein was determined by
the BCA protein assay kit using bovine serum albumin
as a standard. Western blot analysis was conducted as
previously described (Banjerdpongchai et al., 2010).
Brieﬂy, cellular protein (50 μg) was loaded onto 15%
SDS-polyacrylamide gels. The protein bands were
transferred to nitrocellulose membranes and probed
with anti-cytochrome c, anti-Bid, anti-Bax, anti-Bcl-xl,
anti-Bcl-2, or to PVDF membranes and probed with
anti-ATG5, anti-Beclin-1, and anti-LC3-I/II antibodies;
followed by a specific horseradish peroxidase-conjugated
secondary antibody. Detection of the antibody reactions
was performed by enhanced chemiluminescent reagents
and chemiluminescence was exposed to the X-ray ﬁlms.
The bands were analyzed by a densitometer.
Statistical analysis
Data were expressed as mean±SD (standard deviation).
Statistical analysis was determined by one-way ANOVA,
Bonferroni correction and Student’s t-test. Statistical
significance was considered at limit of p<0.05 from 3
independent experiments conducted in triplicate.

Results
Cytotoxic effect of terpinen-4-ol on human leukemic HL60 and U937 cells
Percent cell viability of HL-60 and MOLT-4 cells were
reduced by terpinen-4-ol with a dose-dependence manner,
whereas terpinen-4-ol had no cytotoxic effect on U937
as shown in Figure 1 and our previous report (Khaw-on
and Banjerdpongchai, 2012). The IC20 and IC50 values
(inhibitory concentration at 20% and 50%) of the terpinen-

Figure 1. Effect of Terpinen-4-ol on Cell Viability in
Human Leukemic Cells. HL-60 and U937 cell lines HL-60
and U937 cells (35105 cells/ml) were treated with terpinen4-ol at various concentrations for 24 hours. Cell viability was
evaluated by MTT assay. The Y-axis shows the percent of
cell survival, and the X-axis shows various concentrations of
terpinen-4-ol. The mean±SD of three independent experiments
performed in triplicate are shown. *p<0.05, vs control treated
without terpinen-4-ol
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4-ol on HL-60 cells were 12 and 30 µM, respectively,
which were used for further experiments. When compared
to MOLT-4 cells from our previous report, terpinen-4-ol
was toxic to HL-60>MOLT-4>U937 cells. Terpinen-4-olinduced HL-60 cell cytotoxicity was investigated further
for the type of cell death and mechanisms involved.
Effect of terpinen-4-ol on ROS production and cytochrome
c release
Since the cytotoxicity of cancer cells can be caused
by ROS, HL-60 cells treated with terpinen-4-ol were
determined for ROS generation by using DCFH2-DA
and flow cytometry. It was found that the fluorescence
intensity of DCF significantly increased at 10 and 40 µM
in HL-60 cells (Figure 2A). When incubated with terpinen4-ol, ROS was produced in HL-60 cells markedly and
there was an increase of cytochrome c release at IC20 and
IC50oncentrations of terpinen-4-ol (Figure 2B).
Terpinen-4-ol-induced apoptosis via truncated bid and
caspase-8-activated extrinsic pathway
Caspase-8 is the initiator caspase of the extrinsic
apoptosis pathway, which is triggered by several death
receptors. In order to obtain further evidence for supporting
the involvement of caspase-8 in terpinen-4-ol-triggered
apoptosis in human leukemic cells, caspase-8 activity
was determined. The caspase-8 activity significantly
increased for 1.27 folds in cells treated with terpinen-4-ol
compared to control (Figure 3A). It has been shown that
Bid is the substrate of caspase-8 and truncated Bid (tBid)
can trigger Bax activation (Guo et al., 2002). Therefore,
proapoptotic t-Bid was evaluated at 6, 12 and 24 hours
after terpinen-4-ol exposure by Western blot. Truncated
Bid (tBid) was shown to increase time-dependently in
terpinen-4-ol-treated HL-60 cells (Figure 3B).

Figure 2. The Effect of Terpinen-4-ol on ROS
Production (A) and Mitochondrial Release of
Cytochrome c to Cytosol (B) in HL-60 Cells. HL-60

cells were treated with terpinen-4-ol for 4 hours and incubated
with DCFH2-DA (A). The fluorescence intensity was analyzed
by flow cytometer. *p<0.05 and #p<0.01, vs control treated
without terpinen-4-ol. Mitochondrial release of cytochrome c in
terpinen-4-ol-induced HL-60 cells was determined by Western
blot analysis using total cell lysates (B). Representative data from
three independent experiments with the same pattern are shown
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cells treated with terpinen-4-ol at various concentrations and
incubated for 24 h (A). The IETD-AFC substrate was used and
fold-increase of fluorescence intensity was compared to that of
untreated (control) cells, which was calculated to be 1. *p<0.05,
vs control treated without terpinen-4-ol. HL-60 cells were treated
with terpinen-4-ol at IC20 concentration for 0, 6, 12 and 24 h.
The levels of pro-apoptotic Bid expression and its cleavage as
truncated form (tBid) were determined by Western blotting (B).
Representative results of the same pattern from three independent
experiments are shown

the indicated times. Bax, Bcl-2, Bcl-xl (A), LC3-I/II, Beclin-1,
and ATG5 (B) expressions were analyzed by Western blot using
the cell lysates. Representative results of the same pattern from
three independent experiments are shown

Figure 6. Diagram of Terpinen-4-ol-induced Human
Leukemic HL-60. Cell Death and Its Molecular Mechanisms

Terpinen-4-ol treatment of HL-60 cells led to the development
of autophagosomes and mitochondrial alteration and finally
committing to autophagic and apoptotic cell death

Figure 4. Transmission Electron Micrographs of
Terpinen-4-ol-treated HL-60 Cells. Untreated (A) or
treated with terpinen-4-ol (at IC20 concentration) HL-60 cells (BD) or 100 nM rapamycin-treated cells (E) and (F) were harvested,
fixed, and examined under the transmission electron microscope.
Arrow heads and arrows indicate autophagosomes or secondary
lysosomes, respectively, whereas N indicates nucleus

Effect of terpinen-4-ol on cellular morphology in HL-60
cells
The electron micrographs after fixation of terpinen4-ol-treated HL-60 cells demonstrated the vacuolous
changes of cytoplasm (autophagosomes and secondary
lysosomes) without chromatin condensation (Figure 4BD) as confirmed by positive control of treatment with
an autophagy inducer, rapamycin (Figure 4E and 4F).
This indicated that autophagic cell death was executed
in terpinen-4-ol-treated HL-60 cells by morphological
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criterion. Most of the autophagosomes contained lamellar
structures (Figure 4C) or residual digested materials
(Figure 4D) as same as those shown in rapamycin-treated
HL-60 cells (Figure 4E and 4F).
Effect of terpinen-4-ol on expressions of Bcl-2 family
proteins in HL-60 cells
Bcl-2 family proteins play important roles in both
apoptotic and autophagic cell death (Rikiishi, 2012). To
investigate whether terpinen-4-ol causes alteration in the
levels of Bcl-2 family members, the expression of Bcl-2
family proteins in terpinen-4-ol-treated HL-60 cells was
examined. The expression levels of Bcl-2 and Bax did not
significantly change, whereas the protein level of Bcl-xl
slightly decreased (Figure 5A).
Induction of autophagic cell death by terpinen-4-ol in
HL-60 cells
LC3-I/II, Beclin-1 and ATG5 are recognized as positive
regulators of autophagy induction in eukaryotic cells (He
and Klionsky, 2009). As the morphology of terpinen-4-

31.3

0
Newly diagnosed without treatment

Figure 3. Effect of Terpinen-4-ol on Caspase-8 Activity
and Cleavage of Bid Protein in Terpinen-4-ol-induced
HL-60 Cells. Caspase-8 activity was measured in HL-60

50.0
Figure 5. Bcl-2 Family and Autophagy-related Protein
Expressions in Terpinen-4-ol-treated HL-60 Cells. HL60 cells were treated with terpinen-4-ol at IC20 concentration for25.0

ol-treated HL-60 cells was typical of autophagic cell death
(from transmission micrographs as shown in Figure 4), the
biochemical criteria to confirm the autophagic cell death
are determined, viz., LC3-I/II, Beclin-1 and ATG5 protein
expressions (Bursch, 2001). HL-60 cells were treated with
terpinen-4-ol at IC20 concentration for 6, 12 and 24 h and
protein expression levels of LC3-I/II, Beclin-1 and ATG5
were assessed by Western blot. As shown in Figure 5B, the
expression levels of LC3-I/II, Beclin-1 and ATG5 proteins
increased time-dependently after inducing HL-60 cells
with terpinen-4-ol, which confirmed autophagic cell death
execution.

Discussion
The contribution of terpinen-4-ol as an anti-cancer
agent and the underlying signaling pathways of different
types of cell death remain unknown. In this study, a more
comprehensive illustration of terpinen-4-ol-induced cell
death including apoptosis and autophagy in HL-60 cells
was produced. The results of MTT assay demonstrated
that terpinen-4-ol treatment significantly induced cell death
in human leukemic HL-60 cells but not in U937 cells.
The MTT assay indicated that HL-60 cells exhibited the
greatest sensitivity to terpinen-4-ol-induced cytotoxicity
with the lower level of IC50 (30 µM) compared to MOLT4 cells (155 µM, in our previous study) (Khaw-on and
Banjerdpongchai, 2012).
There are several studies systematically examines the
roles of terpinen-4-ol in apoptotic and autophagic cell
death induction. Apoptosis induced by terpinen-4-ol and
its underlying mechanism have been previously studied,
for example, terpinen-4-ol induces apoptosis in human
non-small cell lung cancer (NSCLC) cells (Wu et al.,
2012). Terpinen-4-ol is able to induce apoptosis in human
leukemia MOLT-4 cells through both the mitochondriamediated intrinsic pathway indicating by the cytochrome
c release and the loss of mitochondrial transmembrane
potential (MTP) (Khaw-on and Banjerdpongchai, 2012).
Moreover, it has revealed that terpinen-4-ol induces
apoptosis in human leukemic MOLT-4 cells in vitro via
caspase-8-activated extrinsic pathways and also cross
talked to intrinsic pathway by the presence of truncated Bid
protein. Thus, terpinen-4-ol-treated HL-60 cells underwent
apoptotic cell death as evidenced in MOLT-4 cells.
Apoptotic cells show alteration in morphological
features from viable cells. This can be differentiated
from a normal cell under the light and fluorescence
microscope (Singh, 2000). In autophagic cell death, the
light micrographs also show the specific morphologies
(Saeki et al., 2000). Therefore, the simple way to distinguish
the modes of cell death of terpinen-4-ol-treated cells
is the examination of cell morphology at the fine and
ultrastructural level. When treated with terpinen-4-ol,
autophagic characteristics were found in HL-60 cells with
vacuolous changes (Figure 4B-D).
It is clear that mitochondrial permeability transition
(MPT) pore formation is characterized by the loss of
mitochondrial transmembrane potential (MTP) and plays
a key role in determining whether the cell lives or dies
(Zorov et al., 2009). However, in terpinen-4-ol-treated
HL-60 cells, cytochrome c release was demonstrated. The
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decrease of Bcl-xl and the release of cytochrome c indicated
the mitochondrial pathway of apoptosis in terpinen-4-oltreated HL-60 cells. But Bcl-2 and Bax protein expression
levels did not alter. The exact function and mechanism of
the abrupt change in the mitochondria induced by terpinen4-ol require further investigation at the molecular levels.
Reactive oxygen species (ROS), including oxygen
radicals and their reactive products, are known to react
with biological molecules such as proteins, lipids and DNA,
leading to cellular and tissue damage (Girard-Lalancette
et al., 2009). It is well known that ROS can induce both
apoptosis and autophagy. The redox environment of the cell
is crucial for controlling both apoptosis and autophagy. ROS
might be the cause or the effect of mitochondrial changes
in the death pathways. ROS usually are generated in the
mitochondria in the electron transport chain. ROS cause
the damage of mitochondria and link to the mitochondrial
pathway of apoptosis. The high level of ROS is often
intimately associated with apoptotic cell death (Laurent et
al., 2005). The way to prove the causative role of ROS can
be performed by the pretreatment with radicals scavenging
molecules such as glutathione or N-acetylcysteine. A
recent report has established the role of ROS generated in
mitochondria in the regulation of autophagy. This pathway,
induced by the anti-cancer agent sodium selenite, leads
to mitochondrial damage, ROS production, and selective
degradation of mitochondria via autophagosomes and
cell death in malignant glioma cells (Kim et al., 2007).
In the present study, it was found that in HL-60 cells
terpinen-4-ol could significantly induce ROS generation
and the autophagic cell death, which led to the remove of
damaged organelles. ROS and oxidative damage might be
generated in the autolysosomes and microsomes, as well
as mitochondria. Terpinen-4-ol-exposed HL-60 cells could
be induced to undergo apoptosis through oxidative stress.
The oxidative stressor induces two independent
apoptotic pathways within pancreatic acinar cells, viz., the
classical mitochondrial calcium-dependent pathway that
is initiated rapidly in the majority of cells, and a slower,
caspase-8-mediated pathway that depends on the lysosomal
activities of cathepsins and is used when the caspase-9
pathway is disabled (Baumgartner et al., 2007). The present
study demonstrated that HL-60 cells induced high caspase-8
activity and led to the cleavage of Bid protein without the
MTP reduction. This could be induced by ROS generation
and autophagosomal enzymes, such as cathepsin but further
study is needed to elucidate this hypothesis. It has also
been reported that Bcl-2 family proteins might interact
with the autophagic proteins (ATGs) or Beclin-1 to turn
on/off or switch the mode of cell deaths between apoptosis
and autophagic cell death (Nishida et al., 2008; Kang et
al., 2011; Fiorini et al., 2013; Naves et al., 2013). ATG5
also plays as a switch on autophagy to apoptosis (Yousefi
et al., 2006) and JNK regulates dissociation of Bcl-2 and
Beclin-1 (Wei et al., 2008). Whether these findings exist in
terpinen-4-ol-induced HL-60 cell death, it requires further
investigation.
In conclusion, terpinen-4-ol induced autophagic cell
death by activating LC3-I/II, Beclin-1 and ATG5 proteins
and apoptosis as evidenced by the increase of tBid
expression, cytochrome c release and caspase-8 activity
in human leukemic HL-60 cells (Figure 6).

Asian Pacific Journal of Cancer Prevention, Vol 14, 2013

7541

Ratana Banjerdpongchai and Patompong Khaw-on

Acknowledgements

The authors thank Faculty of Medicine Research
Fund, Faculty of Medicine, and Graduate School,
Chiang Mai University, National Research Council of
Thailand (NRCT), Thailand Research Fund (TRF) and
the Commission of Higher Education (CHE), grant No.
RMU5080003, for the financial support.

References
Banjerdpongchai R, Kongtawelert P, Khantamat O, et al (2010).
Mitochondrial and endoplasmic reticulum stress pathways
cooperate in zearalenone-induced apoptosis of human
leukemic cells. J Hematol Oncol, 3, 50-65.
Banjerdpongchai R, Punyat, P, Nakrob A, et al (2011).
4’-Hydroxycinnamaldehyde from Alpinia galanga (Linn.)
induces human leukemic cell apoptosis via mitochondrial and
endoplasmic reticulum stress pathways. Asian Pac J Cancer
Prev, 12, 593-8.
Banjerdpongchai R, Suwannachot K, Rattanapanone V,
Sripanidkulchai B (2008). Ethanolic rhizome extract from
Kaempferia parviflora Wall. ex. Baker induces apoptosis in
HL-60 cells. Asian Pac J Cancer Prev, 9, 595-600.
Baumgartner HK, Gerasimenko JV, Thorne C, et al (2007).
Caspase-8-mediated apoptosis induced by oxidative stress
is independent of the intrinsic pathway and dependent on
cathepsins. Am J Physiol Gastrointest Liver Physiol, 293,
296-307.
Bursch W (2001). The autophagosomal-lysosomal compartment
in programmed cell death. Cell Death Differ, 8, 569-81.
Calcabrini A, Stringaro A, Toccacieli L, et al (2004). Terpinen-4ol, the main component of Melaleuca alternifolia (tea tree)
oil inhibits the in vitro growth of human melanoma cells. J
Invest Dermatol, 122, 349-60.
Chen N, Debnath J (2010). Autophagy and tumorigenesis. FEBS
Lett, 584, 1427-35.
Fiorini C, Menegazzi M, Padroni C, et al (2013). Autophagy
induced by p53-reactivating molecules protects pancreatic
cancer cells from apoptosis. Apoptosis, 18, 337-4.
Girard-Lalancette K, Pichette A, Legault J (2009). Sensitive cellbased assay using DCFH oxidation for the determination of
pro- and antioxidant properties of compounds and mixtures:
Analysis of fruit and vegetable juices. Food Chem, 115, 720-6.
Greay SJ, Ireland DJ, Kissick HT, et al (2010). Induction of
necrosis and cell cycle arrest in murine cancer cell lines by
Melaleuca alternifolia (tea tree) oil and terpinen-4-ol. Cancer
Chemother Pharmacol, 65, 877-88.
Guo Y, Srinivasula SM, Druilhe A, et al (2002). Caspase-2
induces apoptosis by releasing proapoptotic proteins from
mitochondria. J Biol Chem, 277, 13430-7.
Hart PH, Brand C, Carson CF, et al (2000). Terpinen-4-ol, the
main component of the essential oil of Melaleuca alternifolia
(tea tree oil), suppresses inflammatory mediator production
by activated human monocytes. Inflamm Res, 49, 619-26.
He C, Klionsky DJ (2009). Regulation mechanisms and signaling
pathways of autophagy. Annu Rev Genet, 43, 67-93.
Jeenapongsa R, Yoovathaworn K, Sriwatanakul KM, et
al (2003). Anti-inflammatory activity of (E)-1-(3,4dimethoxyphenyl) butadiene from Zingiber cassumunar
Roxb. J Ethnopharmacol, 87, 143-8.
Kang R, Tang DL, Lotze MT, Zeh HJ (2011). Apoptosis to
autophagy switch triggered by the MHC class III-encoded
receptor for advanced glycation endproducts (RAGE).
Autophagy, 7, 91-3.
Karmakar S, Banik NL, Patel SJ, Ray SK (2007). Garlic
compounds induced calpain and intrinsic caspase cascade
for apoptosis in human malignant neuroblastoma SH-SY5Y

7542

Asian Pacific Journal of Cancer Prevention, Vol 14, 2013

cells. Apoptosis, 12, 671-84.
Khaw-on P, Banjerdpongchai R (2012). Induction of intrinsic
and extrinsic apoptosis pathways in the human leukemic
MOLT-4 cell line by terpinen-4-ol. Asian Pac J Cancer Prev,
13, 3073-6.
Kim EH, Sohn S, Kwon HJ, et al (2007). Sodium selenite induces
superoxide-mediated mitochondrial damage and subsequent
autophagic cell death in malignant glioma cells. Cancer Res,
67, 6314-24.
Lahlou S, Interaminense LF, Leal-Cardoso JH, Duarte GP (2003).
Antihypertensive effects of the essential oil of Alpinia
zerumbet and its main constituent, terpinen-4-ol, in DOCAsalt hypertensive conscious rats. Fundam Clin Pharmacol,
17, 323-30.
Laurent A, Nicco C, Chereau C, et al (2005). Controlling tumor
growth by modulating endogenous production of reactive
oxygen species. Cancer Res, 65, 948-56.
Lewis JS, Meeke K, Osipo C, et al (2005). Intrinsic mechanism
of estradiol-induced apoptosis in breast cancer cells resistant
to estrogen deprivation. J Natl Cancer Inst, 97, 1746-59.
Loughlin R, Gilmore BF, McCarron PA, Tunney MM (2008).
Comparison of the cidal activity of tea tree oil and terpinen-4ol against clinical bacterial skin isolates and human fibroblast
cells. Lett Appl Microbiol, 46, 428-33.
Mondello F, De Bernardis F, Girolamo A, et al (2006). In vivo
activity of terpinen-4-ol, the main bioactive component of
Melaleuca alternifolia Cheel (tea tree) oil against azolesusceptible and -resistant human pathogenic Candida species.
BMC Infect Dis, 6, 158.
Naves T, Jawhari S, Jauberteau MO, et al (2013). Autophagy
takes place in mutated p53 neuroblastoma cells in response to
hypoxia mimetic CoCl(2). Biochem Pharmacol, 85, 1153-61.
Nishida K, Yamaguchi O, Otsu K (2008). Crosstalk between
autophagy and apoptosis in heart disease. Circ Res, 103,
343-51.
Paisooksantivatana S, Bua-in Y (2009). Essential oil and
antioxidant activity of Cassumunar Ginger (Zingiberaceae:
Zingiber montanum (Koenig) Link ex Dietr.) collected from
various parts of Thailand. Kasetsart J (Natural Science), 43,
467-75.
Pazyar N, Yaghoobi R, Bagheran, N, Kazerouni A (2013). A
review of applications of tea tree oil in dermatology. Int J
Dermatol, 52, 784-90.
Rikiishi H (2012). Novel Insights into the Interplay between
Apoptosis and Autophagy. Int J Cell Biol, 2012, 317645.
Rubinsztein DC, Gestwicki JE, Murphy LO, Klionsky DJ (2007).
Potential therapeutic applications of autophagy. Nat Rev Drug
Discov, 6, 304-12.
Saeki K, Yuo A, Okuma E, et al (2000). Bcl-2 down-regulation
causes autophagy in a caspase-independent manner in human
leukemic HL60 cells. Cell Death Differ, 7, 1263-9.
Santin G, Bottone MG, Malatesta M, et al (2013). Regulated forms
of cell death are induced by the photodynamic action of the
fluorogenic substrate, hypocrellin B-acetate. J Photochem
Photobiol B, 125, 90-7.
Singh NP (2000). A simple method for accurate estimation of
apoptotic cells. Exp Cell Res, 256, 328-37.
Wei Y, Pattingre S, Sinha S, et al (2008). JNK1-mediated
phosphorylation of Bcl-2 regulates starvation-induced
autophagy. Mol Cell, 30, 678-88.
Wu CS, Chen YJ, Chen JJ, et al (2012). Terpinen-4-ol Induces
Apoptosis in Human Nonsmall Cell Lung Cancer In Vitro and
In Vivo. Evid Based Complement Alternat Med, 2012, 818261.
Yousefi S, Perozzo R, Schmid I, et al (2006). Calpain-mediated
cleavage of Atg5 switches autophagy to apoptosis. Nat Cell
Biol, 8, 1124-32.
Zorov DB, Juhaszova M, Yaniv Y, et al (2009). Regulation and
pharmacology of the mitochondrial permeability transition
pore. Cardiovasc Res, 83, 213-25.

