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Abstract. Isoegomaketone (IK) is a major biologically active 
component of Perilla frutescens. In this study, we investi-
gated the contribution of reactive oxygen species (ROS) to 
IK-induced apoptosis in human melanoma SK-MEL-2 cells. 
We found that IK inhibited the proliferation of SK-MEL-2 
human melanoma cells in a dose-dependent manner. IK also 
induced sub-G1 DNA accumulation, formation of apoptotic 
bodies, nuclear condensation, and a DNA ladder in SK-MEL-2 
cells. IK also induced activation of caspase-3 and -9, whereas 
caspase-8 was unaffected. Further, N-acetyl-L-cysteine (NAC, 
ROS scavenger) treatment to SK-MEL-2 cells significantly 
reduced IK-induced cell death. Pretreatment of NAC to 
SK-MEL-2 cells followed by 100 µM IK reduced the protein 
levels of Bax and cytochrome c as well as PARP cleavage, 
whereas the protein level of Bcl-2 increased. Moreover, IK 
inhibited the phosphorylation of AKT/mTOR protein and 
cell proliferation induced by LY294002, a PI3K inhibitor. In 
conclusion, IK-induced ROS generation regulates cell growth 
inhibition and it induces apoptosis through caspase-dependent 
and -independent pathways via modulation of PI3K/AKT 
signaling in SK-MEL-2 cells.

Introduction

Oriental medicinal herbs have long been used for the treat-
ment of cancer, but their anticancer mechanisms are not yet 
fully understood (1). Perilla frutescens (L.) is consumed as a 

food in East Asia, and it is also used as a medicinal herb (2). 
Studies on perilla leaf have been carried out to characterize 
volatile flavor components (3-5). It has been shown that there 
are three main aromatic active compounds in the volatile 
component of Perilla frutescens (L.): Perilla ketone (PK), 
1-(3-furyl)-4-methyl-3-penten-1-one (egoma ketone, EK), and 
1-(3-furyl)-4-methyl-2-penten-1-one (isoegoma ketone, IK) 
(2). One of these compounds, isoegomaketone (IK) is a major 
volatile component and is known to possess anti-inflammatory 
effect (6), inhibiting carcinogenesis of colon cancer (7). 
However, there have been only a few studies investigating the 
anticancer mechanisms of IK.

Reactive oxygen species (ROS) are chemically reactive 
molecules, which are a natural byproduct of normal oxygen 
metabolism, that play important roles in cell signaling and 
homeostasis (8). Many studies have reported that during times 
of environmental stress (e.g., UV or heat exposure), ROS levels 
can increase dramatically and become a factor in the onset of 
several major diseases (9,10). However, according to a recent 
study, ROS generation can be exploited for therapeutic benefits 
such as suppression of cancer cell growth and induction of 
apoptosis in cancer cells through regulatory mechanisms 
(11-13).

The PI3K/AKT/mTOR pathway is an intercellular pathway 
that plays an important role in apoptosis induction in various 
cancer cell lines (14-16). Specifically, overexpression of 
PI3K/AKT protein promotes cancer cell growth and inhibits 
apoptosis (17). The pathway is regarded an attractive target 
for anticancer therapy since it is more frequently activated 
in various tumors than any other signaling pathway (18,19). 
Recently, there have been many reports showing that ROS 
generation induces apoptosis in cancer cells through regula-
tion of the PI3K/AKT/mTOR pathway (20,21).

Previous studies have shown that medicinal plants and 
their components generate ROS, which can activate apoptosis 
signaling in cancer cells (22,23). Therefore, this study aimed 
to investigate the cytotoxicity of IK and its potential apoptotic 
mechanisms through ROS generation and modulation of PI3K/
AKT/mTOR signaling.

Isoegomaketone induces apoptosis in SK-MEL-2 human 
melanoma cells through mitochondrial apoptotic 

pathway via activating the PI3K/Akt pathway
SOON-JAE KWON1,  JU-HYE LEE2,  KWANG-DEOG MOON1,  IL-YUN JEONG4,  

SUNG-TAE YEE3,  MI-KYUNG LEE2  and  KWON-IL SEO2

1Department of Food Science and Technology, Kyungpook National University, Daegu 702-701;  
Departments of 2Food and Nutrition and 3Biology, Sunchon National University, Suncheon, 

Jeonnam 540-742; 4Advanced Radiation Technology Institute, Korea Atomic Energy 
Research Institute, Jeongeup, Jeonbuk 580-185, Republic of Korea

Received June 13, 2014;  Accepted July 24, 2014

DOI: 10.3892/ijo.2014.2598

Correspondence to: Professor Kwon-Il Seo, Department of Food 
and Nutrition, Sunchon National University, 315 Maegok, Suncheon, 
Jeonnam 540-742, Republic of Korea
E-mail: seoki@sunchon.ac.kr

Key words: isoegomaketone, apoptosis, reactive oxygen species, 
apoptosis-inducing factor, SK-MEL-2 human melanoma cell



KWON et al:  ISOEGOMAKETONE INDUCES APOPTOSIS1970

Materials and methods

Isolation of isoegomaketone. Isoegomaketone (IK) was 
prepared from Perilla flutescens (L.) Britt. cv. Chookyoupjaso, 
as described previously (24). In brief, the above-ground 
portion of Perilla flutescens (L.) Britt. cv. Chookyoupjaso was 
extracted with MeOH at room temperature over 3 days. After 
filtration, MeOH extract was evaporated and partitioned using 
ethyl acetate, butanol, and water. The soluble ethyl acetate 
fraction was separated by column chromatography on silica 
gel using a gradient of hexane-ethyl acetate. The obtained 
fraction was further separated to yield IK. The purity and 
concentration of the isolated IK were confirmed by spec-
troscopic analysis, and the final IK solution was prepared in 
sterilized DMSO.

Cell culture. SK-MEL-2 human melanoma cell lines were 
purchased from the American Type Culture Collection 
(ATCC, Rockville, MD, USA). Cells were then cultured in 
RPMI-1640 medium (DMEM, Gibco®/Invitrogen™, Grand 
Island, NY, USA) supplemented with 10% fetal bovine serum 
(FBS, Gibco/Invitrogen), penicillin (100 IU/ml), and strepto-
mycin (100 µg/ml) in a humidified atmosphere with a 5% CO2 
incubator at 37˚C.

Sulforhodamine B (SRB) assay. Cell viability was determined 
according to the method of Skehan et al (25). Briefly, IK was 
added at a range of 0-100 µM concentrations for 24 h. Cells 
were fixed with 50% trichloroacetic acid to terminate the reac-
tion, after which 0.4% SRB in 1% acetic acid was added to 
each well. After 1 h of incubation, the plates were washed, and 
dyes were dissolved with 10 mM Tris buffer. Then, the 96-well 
plate was read using a micro-plate reader (540 nm) to obtain 
the absorbance density values.

sub-G1 DNA content. Cells were seeded at a density of 
1x106 cells/well in 6-well plates and cultured for 24 h. After 
culturing, the cells were treated with the indicated concentra-
tions of IK for 24 h. Then, the cells were harvested, washed 
with cold PBS, and processed for cell cycle analysis as 
described earlier (26). Briefly, cells were collected and fixed 
in ice-cold 70% ethanol in media and stored at 4˚C overnight. 
After resuspension, the cells were washed and incubated with 
1 µl of RNase (1 mg/ml) (Sigma-Aldrich, St. Louis, MO, 
USA), 20 µl of propidium iodide (1 mg/ml) (Sigma-Aldrich), 
and 500 ml of PBS at 37˚C for 30 min. After staining, flow 
cytometry was performed to analyze sub-G1 DNA content.

Morphological apoptosis. Characteristic apoptotic morpho-
logical changes were assessed by fluorescent microscopy using 
bis-benzimide (Hoechst 33258, Sigma-Aldrich) staining (27). 
Cells were seeded at a density of 5x105 cells/well in 6-well 
plates and treated with IK for 24 h. After harvesting, the cells 
were washed twice with PBS and then stained with 200 µl 
of bis-benzimide (1 µg/ml) for 10 min at room temperature. 
Then, 10 µl of this suspension was placed onto a glass slide 
and covered with a cover slip. Cells were then examined with 
a fluorescence microscope (Olympus Optical Co. Ltd., Tokyo, 
Japan) to determine nuclei fragmentation and chromatin 
condensation.

DNA fragmentation. The cells were seeded at a density of 
2x106 cells in a 100-mm dish, and cultured for 24 h. After 
culturing, the cells were treated with the indicated concentra-
tions of IK for 24 h, and then collected by centrifugation. The 
pellets were lysed by DNA lysis buffer (10 mM Tris-HCl, 
pH 7.5, 10 mM EDTA, pH 8.0, 0.5% Triton X-100, 20% SDS, 
10 mg/ml proteinase K) and then centrifuged. The supernatant 
was fixed in ice-cold 70% ethanol and stored at 4˚C overnight. 
After extraction with phenol buffer (phenol-chloroform and 
phenol-chloroform-isoamylalcohol) the pellets were incubated 
with TE buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 
pH 8.0) and RNase (2 mg/ml) for 1 h at 37˚C. Then, separation 
by electrophoresis was performed on 2% agarose containing 
ethidium bromide. The DNA bands were examined using a 
UV Transilluminator Imaging System (28).

Caspase activity. This assay was based on the ability of 
active enzyme to cleave the chromophore from the enzyme 
substrate: Ac-DEVD-pNA (for caspase-3), Ac-IETD-pNA 
(for caspase-8), and Ac-LEHD-pNA (for caspase-9). The cells 
were seeded at a density of 2x106 cells in a 100-mm dish and 
cultured for 24 h. After culturing, the cells were treated with 
the indicated concentrations of IK for 24 h and then collected 
by centrifugation. The cells were incubated with the peptide 
substrate in lysis buffer for 30 min on ice, followed by centrifu-
gation at 10,000 x g for 5 min at 4˚C. The protein content of the 
supernatant was measured using BCA protein assay reagent 
before measuring the activities of caspases-3, -8 and -9. The 
supernatant containing 50 µg of protein was mixed with DTT 
in 2X reaction buffer and the different substrates at 10 µM. 
After incubation, the release of p-nitroaniline was monitored 
at 405 nm (29).

Caspase inhibitor activity. The cells were seeded at a density 
of 5x105 cells/well, and then cultured for 24 h. The cells were 
preincubated with pan-caspase inhibitor z-VAD-fmk for 2 h, 
followed by treated with the indicated concentrations of IK for 
24 h. For the growth inhibition analysis and measurement of 
SRB assay, the cells were fixed with 50% trichloroacetic acid 
to terminate the reaction, after which 0.4% SRB in 1% acetic 
acid was added to each well. After 1 h of incubation, the plates 
were washed, and dyes were dissolved with 10 mM Tris buffer. 
Then, the 96-well plate was read using a micro-plate reader 
(540 nm) to obtain the absorbance density values.

Measurement of reactive oxygen species. Production of intra-
cellular reactive oxygen species (ROS) was detected by flow 
cytometry using dichloro-fluorescein diacetate (DCFH-DA) 
(30). Briefly, B16 cells plated at a density 5x105 cells/well were 
allowed to attach overnight and then exposed to IK for 30 min. 
Then, the wells were stained with DCFH-DA (10 µM) for 
30 min at 37˚C, after which the fluorescence intensity in the 
cells was determined using flow cytometry.

Western blot analysis. Western blot analyses were performed 
as described previously (31). Cells were seeded at a density 
of 2x106 cells in a 100-mm dish and cultured for 24 h in 
RPMI-1640. After culturing, the cells were treated with the 
indicated concentrations of IK for 24 h, followed by centrifu-
gation. The resulting pellets were lysed in lysis buffer (50 mM 
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Tris-HCl, 150 mM NaCl, 1 mM EDTA, 50 mM NaF, 30 mM 
Na4P2O7, 1 mM PMSF, 2 µg/ml of aprotinin) for 30 min on 
ice. To examine the subcellular locations of cytochrome c 
and AIF (apoptosis-inducing factor), cytosolic extracts were 
prepared according to the manual provided in the mitochon-
dria isolation kit (Pierce, Rockford, IL, USA). The protein 
content of the supernatant was measured using a BCA protein 
assay kit. Briefly, the protein samples were loaded at 10 µg of 
protein/lane and separated by 12% SDS-PAGE at 100 V of 
constant voltage/slab for 1.5 h. Following electrophoresis, the 
proteins were transferred onto nitrocellulose membranes and 
blocked with 2.5 and 5% bovine serum albumin (BSA) for 1 h 
at 37˚C. The membranes were then incubated with primary 
antibody at 4˚C overnight. Primary antibodies used were 
anti-Bax (Santa Cruz sc-493), anti-Bcl 2 (Santa Cruz sc-492), 
anti-PARP (Santa Cruz sc-7150), anti-cytochrome c (Santa 
Cruz sc-7159), anti-AIF (Santa Cruz sc-5586) and anti-β actin 
(Santa Cruz sc-47778). All primary antibodies presented were 
used at a 1:1,000 dilution. Finally, the membranes were treated 
with horseradish peroxidase-coupled secondary antibodies for 
1 h at 4˚C. Secondary antibodies used were goat anti-rabbit IgG 
(Millipore AP132P) and goat anti-IgG (Millipore AP124P). 
All secondary antibodies presented were used at a 1:10,000 
dilution. The membranes were washed with T-TBS after each 
antibody binding reaction, and detection of each protein was 
performed using an ECL reagents kit (Santa Cruz, Dallas, TX, 
USA).

Statistical analysis. Data were analyzed by Student's t-test to 
evaluate significant differences. A level of p<0.05 and p<0.01 
were regarded as statistically significant.

Results

Isoegomaketone inhibits cell growth in SK-MEL-2 cells. 
To investigate whether or not isoegomaketone (IK) inhibits 
the proliferation of SK-MEL-2 human melanoma cells, cell 
growth was measured by SRB assay along with morphological 
characteristics in response to various doses (0-100 µM) of IK 

treated for 24 h (Fig. 1). As shown in Fig. 1A, treatment with 
IK reduced cell viability in a dose-dependent manner, and 
cell viability significantly decreased at 100 µM IK. Fig. 1B 
shows that IK treatment caused a reduction in cell number, cell 
shrinkage, rounding, and partial detachment in SK-MEL-2 
cells. This result indicates that IK induced dose-dependent 
growth inhibition in SK-MEL-2 cells.

Isoegomaketone induces apoptosis. To assess whether or 
not cell death induced by IK is related to apoptosis, flow 
cytometric analysis, Hoechst 33258 staining, and DNA 
fragmentation assay were performed in melanoma cells 
treated with IK. After IK treatment for 24 h, the sub-G1 cell 
population increased in a dose-dependent manner (Fig. 2A) 
and morphological changes such as nucleus shrinkage, chro-
matin condensation, and formation of apoptotic bodies was 
showed at a concentration of 50-100 µM (Fig. 2B). Next, we 
investigated distinct features of apoptosis, including the DNA 
fragmentation pattern, using agarose gel electrophoresis. The 
DNA ladder pattern in IK-treated cells indicated typical inter-
nucleosomal fragmentation, especially at IK concentrations of 
50-100 µM (Fig. 2C).

Isoegomaketone induces apoptosis through caspase-dependent 
pathway. A previous study determined that caspase signaling 
is an important factor of apoptosis (32). To determine whether 
or not apoptosis induced by IK occurs via a caspase-dependent 
pathway, z-VAD-fmk, a universal caspase inhibitor, was added 
along with IK. Fig. 3A shows that although z-VAD-fmk attenu-
ated apoptosis induced by IK, cell death induced via IK was 
significantly elevated in a dose-dependent manner. In order 
to confirm the caspases involved in IK-induced apoptosis, 
caspase activities were measured using a caspase detection 
kit (colormetric). As shown in Fig. 3, IK activated caspase-3 
and -9 in a dose-dependent manner, whereas caspase-8 was 
not activated (Fig. 3B). Furthermore, treatment of SK-MEL-2 
cells with IK resulted in a dose-dependent increase in PARP 
cleavage along with upregulation of Bax and downregulation 
of Bcl-2 (Fig. 3C).

Figure 1. Cell growth inhibitory effects in SK-MEL-2 cells treated with IK for 24 h. (A) Cell viability was measured by SRB assay. Significant differences 
were compared with the control at *P<0.05 and **P<0.01 using Student's t-test. (B) After 24-h incubation with IK, cell morphology was visualized by inverted 
microscopy (x200).
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Isoegomaketone induces apoptosis through ROS generation in 
SK-MEL-2 cells. ROS generation was measured based on DCF 
fluorescence to determine whether or not IK increases the level 
of ROS in SK-MEL-2 cells. Fig. 4A shows that IK-mediated 
ROS generation was significantly elevated at an IK concentra-
tion of 100 µM. However, cells treated with 100 µM IK and 
5 mM N-acetyl cysteine (ROS scavenger, NAC) showed a 
reduced ROS level compared to that of IK-treated cells. We 
further investigated whether or not elevation of ROS produc-
tion is involved in IK-induced cell death. This result shows that 
NAC treatment inhibited IK-induced cell death in SK-MEL-2 
cells (Fig. 4B). Furthermore, NAC treatment considerably 
reduced apoptotic morphological changes (Fig. 4C). These 
results suggest that ROS were significantly involved in 
IK-induced apoptosis.

Isoegomaketone-induced ROS generation leads to activation of 
caspase-dependent and -independent apoptosis in SK-MEL-2 

cells. Specific apoptotic parameters, including expression of 
PARP, Bax, Bcl-2, cytochrome c, and AIF, were investigated 
to determine whether or not IK-mediated ROS production is 
involved in apoptosis induction in SK-MEL-2 cells (Fig. 5). 
SK-MEL-2 cells treated with NAC showed strong inhibition 
of IK-induced PARP cleavage, upregulation of Bax expression, 
and downregulation of Bcl-2 expression. These results suggest 
that IK-induced apoptosis in SK-MEL-2 cells was induced 
by ROS generation in association with a caspase-dependent 
pathway. Bcl-2 family proteins and cytochrome c commonly 
stimulate activation of caspases-8, -9 and -3 (33), and AIF 
involved in initiating a caspase-independent pathway of apop-
tosis (34). IK-treated cells released cytochrome c and AIF 
in mitochondria, resulting in higher levels of cytochrome c 
and AIF in the cytosol. On the other hand, NAC treatment 
significantly reduced IK-induced release of cytochrome c 
from mitochondria into the cytosol. These results suggest 
that IK-induced apoptotic cell death was involved in ROS 

Figure 2. Induction of apoptotic cell death in SK-MEL-2 cells by IK. Cells were treated with or without IK for 24 h. (A) Sub-G1 cell population was analyzed 
by flow cytometry. (B) Nuclear fragmentation was observed by Hoechst staining. (C) DNA fragmentation was observed by 2% agarose gel electrophoresis.
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Figure 3. IK induces caspase-independent cell death in SK-MEL-2 cells. (A) Effect of caspase inhibitor on SK-MEL-2 cells treated with IK. SK-MEL-2 cells 
were pretreated with 10 µM z-VAD-fmk for 2 h prior to IK treatment for 24 h. Cell viability was measured by SRB assay. (B) Activation of caspase-8, -9 and -3 
in cells treated with IK for 24 h, as detected by a caspase detection colorimetric kit. (C) PARP cleavage as well as Bax and Bcl-2 expression in cells treated 
with IK for 24 h, as detected by western blotting.

Figure 4. The role of NAC in IK-induced apoptosis. Cells were treated with or without NAC (5 mM) for 2 h before challenge with 100 µM IK for 24 h. (A) ROS 
production was measured by flow cytometry. Significant differences were compared with the control at **P<0.01 using Student's t-test. (B) Cell viability was 
measured by SRB assay. Significant differences were compared with the control at *P<0.05 and **P<0.01 using Student's t-test. (C) Nuclear fragmentation was 
observed by Hoechst staining.
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generation, which induced apoptosis in SK-MEL-2 cells via 
caspase-dependent and -independent pathways.

Isoegomaketone inhibits growth of melanoma cells via 
suppression of the PI3K/AKT signaling pathway. The PI3K/
AKT signaling pathway acts as a survival signal by reducing 
apoptosis and promoting proliferation of various cancer cells 
(35,36). Therefore, we investigated whether or not IK treatment 
suppresses the PI3K/AKT signaling pathway in SK-MEL-2 
cells. IK-treated cells showed reduced phosphorylation of AKT 
and mTOR in a dose-dependent manner (Fig. 6A). Furthermore, 
SK-MEL-2 cells pretreated with LY294002 (PI3K inhibitor) 
followed by treatment with 100 µM IK displayed 20% greater 
growth inhibition compared to non-inhibitor treated cells 

(Fig. 6B). These results indicate that IK inhibited SK-MEL-2 
cell growth by suppressing the PI3K/AKT signaling pathway.

Discussion

Several reports have shown that Perilla frutescens and its 
bioactive compounds inhibit cell growth via induction of 
apoptosis in various cancer cells (37,38). However, there is no 
published study showing that IK induces apoptotic cell death 
in SK-MEL-2 human melanoma cells via ROS-dependent 
activation of a mitochondrial pathway and inhibition of PI3K/
AKT signaling. In the present study, we showed that IK 
significantly induced cell morphological changes and reduced 
cell viability in SK-MEL-2 cells. Furthermore, the results of 

Figure 5. ROS generation and effects of NAC on modulation of cytochrome c and AIF proteins in SK-MEL-2 melanoma cells treated with IK. Cells were 
treated with or without NAC (5 mM) for 2 h before challenge with 100 µM IK for 24 h. Cellular proteins were then lysed, separated by SDS-polyacrylamide 
electrophoresis and transferred onto nitrocellulose membranes. Membranes were probed with the indicated antibodies. Proteins were visualized using an ECL 
detection system. (A) Expression of PARP, Bcl-2 and Bax in cells treated with IK for 24 h. (B) Release of cytochrome c and AIF.

Figure 6. IK inhibits the PI3K/AKT/mTOR signaling pathway. (A) Protein levels of p-AKT, AKT, p-mTOR, mTOR, and β-actin were analyzed by western 
blotting using specific antibodies following treatment with 0-100 µM IK for 24 h in SK-MEL-2 cells. (B) SK-MEL-2 cells were pretreated for 1 h with 10 µM 
LY294002, a PI3K/AKT inhibitor, followed by IK for 24 h. Cell viability was measured by SRB assay. Data shown are the mean ± SD of three samples. Data 
containing asterisk marks are significantly different from the values in non-LY294002 treated cells at *P<0.05 and **P<0.01.
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cell cycle analysis and Hoechst 33258 staining demonstrated 
that IK treatment increased sub-G1 contents, nuclei condensa-
tion, formation of apoptotic bodies, and DNA fragmentation 
in a dose-dependent manner. The current results suggest that 
IK treatment induces cell death in SK-MEL-2 cells through 
activation of apoptotic signaling pathways.

Caspases, which are a family of cysteine-dependent aspar-
tate-directed proteases, play critical roles in the initiation 
and execution of apoptosis (39). One of the major pathway 
for the activation of caspase-dependent apoptosis is receptor-
mediated caspase-8 while another is cytochrome c-mediated 
caspase-9 activation. The pathway is regulated by Bcl-2 
family proteins, and their end result is caspase-3 activation 
(40,41). Ectopic (extra-mitochondrial) AIF causes chromatin 
condensation and DNA fragmentation, and these reactions 
are induced by caspase-activated DNase or Acinus (34,41,42). 
Therefore, AIF might play an important role in caspase-inde-
pendent apoptotic death. In this study, IK activated caspase-3 
and -9, upregulated Bax expression, downregulated Bcl-2 
expression, and induced cleavage of PARP. This result indi-
cates that IK treatment not only induced caspase-dependent 
apoptotic death but also induced apoptosis in association with 
a caspase-independent pathway. These findings are supported 
by previous studies that IK induces apoptosis in DLD1 cells 
by regulation of caspase-dependent pathway (7).

Previous studies have shown that reactive oxygen species 
(ROS) effectively induce apoptosis in various cancer cell lines 
(43,44). Furthermore, many studies showed that ROS-mediated 
apoptosis is induced by natural compounds. Oridonin treatment 
along with NAC has been shown to inhibit ROS generation in 
HepG2 cells as well as reduce apoptotic cell death (45). Further, 
treatment with NAC prevents curcumin-induced cell apoptosis 
in human lung adenocarcinoma A549 cells (46). Our results 
show that IK treatment along with NAC inhibited cell death and 
prevented apoptotic cell death in SK-MEL-2 cells. Moreover, 
we demonstrated that NAC treatment inhibited upregulation 
of Bax expression and downregulation of Bcl-2 expression in 
IK-treated SK-MEL-2 cells. In addition, ROS production in 
SK-MEL-2 cells induced the release cytochrome c from mito-
chondria into the cytosol. The release of cytochrome c triggers 
apoptotic protease-activating factor-1 (Apaf-1)-mediated 
activation of caspase-9, which in turn stimulates other caspase 
events such as caspase-3 activation (47). We also observed that 
ROS generation induced AIF translocation from mitochondria 
into the nucleus in SK-MEL-2 cells. These results suggest that 
IK-induced apoptotic cell death in SK-MEL-2 cells involved 
caspase-dependent and -independent pathways triggered by 
IK-mediated ROS generation.

The PI3K/AKT signaling pathway plays a critical role in 
cell proliferation, survival, and metastasis in numerous cancer 
cell lines (48,49), including melanoma (49). Therefore, current 
cancer therapeutic studies have mainly focused on regulation 
of the PI3K/AKT signaling pathway (50,51). In this study, IK 
treatment inhibited the phosphorylation of AKT and mTOR. 
Specifically, we pretreated SK-MEL-2 cells with LY294002 
(PI3K inhibitor) to confirm whether or not IK inhibits 
SK-MEL-2 cell growth via regulation of the PI3K/AKT 
signaling pathway. The results suggest that IK can be used as 
an AKT regulation factor for the treatment of melanoma.

In conclusion, this study is the first to confirm that IK 
inhibits cell growth in SK-MEL-2 human melanoma cells by 
triggering ROS-mediated caspase-dependent and -indepen-
dent apoptotic cell death and suppression of the PI3K/AKT 
signaling pathway. These findings suggest that IK can be used 
as a fundamental resource for the development of new agents 
for melanoma treatment.
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