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Abstract. Background: This study aimed to investigate
whether luteolin, a flavonoid, induces apoptosis in human
melanoma cells via endoplasmic reticulum (ER) stress.
Materials and Methods: To investigate the effects of luteolin in
human melanoma cells, the anti-proliferation, apoptosis, ER
stress induction and reactive oxygen species (ROS) generation
were evaluated using MTT, Hoechst 33342, ER-tracker Blue
White DPX and DCF-DA staining assays, respectively. Results:
Luteolin inhibited cell proliferation and increased apoptotic
body formation. Luteolin induced ER stress, as shown by ER
staining and mitochondrial Ca?t overloading. Luteolin
increased expression of the ER stress-related proteins; protein
kinase RNA-like ER kinase, phospho eukaryotic translation
initiation factor 2a, activating transcription factor (ATF) 6,
CCAAT/enhancer-binding  protein-homologous  protein
(CHOP), and cleaved caspase 12. Furthermore, luteolin
increased the level of intracellular ROS, leading to ROS-
mediated apoptosis and ER stress. However, N-acetyl cysteine,
a ROS scavenger, decreased ROS levels, apoptosis, and ER
stress induced by luteolin treatment. In addition, knockdown of
CHOP and ATF6 by small-interfering RNA inhibited luteolin-
induced cell death. Conclusion: Luteolin induces apoptosis by
ER stress via increasing ROS levels.

Melanoma, a malignancy of melanocytes, tends to
metastasize to multiple organs via the brain, lungs, liver, and
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bones. Cancer cell types differ in their susceptibility to
chemotherapy, and malignant melanoma, one of the most
difficult cancers to treat, is largely unresponsive to
conventional chemotherapy, resulting in low 5-year survival
rates (1, 2). Therefore, it is necessary to find effective
compounds against melanoma.

The endoplasmic reticulum (ER) is a specialized organelle
that plays fundamental roles in the biology of the cell. ER
critically participates in the regulation of intracellular Ca®*
levels and synthesis of secretory proteins bound for the cell
surface (3). When misfolded proteins accumulate in the ER
or Ca’* stores are depleted, ER stress is induced and an
evolutionally-conserved unfolded protein response occurs in
the cell to maintain homeostasis (4). In higher eukaryotes,
ER stress response is mediated by at least three main stress
sensors that are all located at the ER, namely, inositol-
requiring enzyme la, protein kinase RNA-like ER kinase
(PERK), and activating transcription factor (ATF) 6 (5).
Activation of PERK leads to direct phosphorylation of the
ubiquitous eukaryotic translation initiation factor-2a (eIF2a.),
to rapidly attenuate translation and reduce protein overload
in the ER lumen. This mechanism also induces the
translation of ATF4, a transcription factor that controls the
expression of genes involved in apoptosis, autophagy, amino
acid metabolism, and anti-oxidant responses (6). The pro-
apoptotic transcription factor CCAAT/enhancer-binding
protein-homologous  protein (CHOP) inhibits the
transcription of Bcl-2. It can be induced by a combination of
PERK/ATF4 and ATF6 pathways (7-9). Upon activation of
CHOP, cell death occurs via apoptosis (10, 11). The
mitochondrial apoptotic pathway functions particularly in
reactive oxygen species (ROS)-mediated apoptosis. ER stress
is induced by accumulation of ROS, leading to mitochondrial
dysfunction and apoptosis (12). ROS are mainly generated
inside mitochondria; however, mitochondria also have an
attractive function in response to oxidative stress (13).
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Recent studies showed that the ER has properties that are
somewhat sensitive to oxidative damage and may be
considered to have a significant role in the response to
oxidative stress-induced damage (12, 14).

Flavonoids are well-known for their wide spectrum of
pharmacological properties including anti-oxidant, anti-
microbial, and cancer-preventive effects. Among them,
luteolin (3’ ,4°,5,7-tetrahydroxyflavone) exhibits anti-oxidant,
anti-inflammatory, and anticancer activities (15-17). In terms
of its anticancer activities, luteolin induces apoptosis via
extrinsic and/or intrinsic signaling pathways in cancer cells
including neuroblastoma cells, breast cancer cells, colon
cancer cells, liver cancer cells, and lung cancer cells (18-22).
However, little is known on the involvement of ER stress in
this process. To address this issue, we investigated whether
luteolin-induced apoptosis of human melanoma cells is
mediated via ER stress.

Materials and Methods

Reagents. Rhod-2 AM and the ER tracker Blue-White DPX dye
were purchased from Molecular Probes (Eugene, OR, USA).
Hoechst 33342 and luteolin were purchased from Sigma Aldrich (St.
Louis, MO, USA). Primary antibodies against phospho PERK,
phospho elF2a, ATF6, and actin were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Primary antibodies against
CHOP and caspase 12 were purchased from Cell Signaling
Technology (Beverly, MA, USA).

Cell culture. The human melanoma cell line A2058 was provided
by Professor Hoi Young Lee (Konyang University, Nonsan,
Republic of Korea). These cells were maintained at 37°C in an
incubator with a humidified atmosphere of 5% CO, and cultured in
DMEM containing 10% heat-inactivated fetal calf serum,
streptomycin (100 pg/ml), and penicillin (100 U/ml).

Cell viability assay. The effect of luteolin on cell viability was
determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay, which is based on the reduction of a
tetrazolium salt by mitochondrial succinate dehydrogenase in viable
cells (23). A2058 cells were seeded into a 96-well plate at a density
of 6x10% cells/ml, treated with 0-80 pg/ml luteolin, and incubated for
48 h. Next, MTT stock solution (50 pl, 2 mg/ml) were added to each
well to attain a total reaction volume of 250 ul. After incubation for
4 h, the supernatants were aspirated. The formazan crystals in each
well were dissolved in 150 pl dimethyl sulfoxide, and absorbance at
540 nm was read on a scanning multi-well spectrophotometer.

Colony-forming assay. A2058 cells were seeded at a density of 600
cells per 60-mm dish and cultured for 14 days with 35 pg/ml
luteolin. During colony growth, the culture medium was replaced
every 3 days. Colonies containing more than 50 cells were included
in the assay. The colonies were counted via microscopic observation
using a Diff-Quick staining kit (Sysmex, Kobe, Japan).

Nuclear staining with Hoechst 33342. A2058 cells were seeded into
chamber slides at a density of 6x104 cells/ml. At 16 h after plating,
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the cells were treated with luteolin at a concentration of 35 ug/ml
and incubated for 48 h. Hoechst 33342 (3 ul, 10 mg/ml), a DNA-
specific fluorescent dye, was added to each well, and cells were
incubated for 10 min at 37°C. Stained cells were visualized under a
fluorescence microscope equipped with a CoolSNAP-Pro color
digital camera.

ER staining. A2058 cells were seeded at a density of 6 x 104
cells/ml in 6-well plates. At 16 h after plating, the cells were treated
with luteolin at a concentration of 35 pg/ml and incubated for 48 h.
Cells were harvested, washed, and re-suspended in phosphate-
buffered saline (PBS) containing the ER tracker Blue-White DPX
dye. After incubation for 30 min at 37°C, cells were washed,
suspended in PBS, and analyzed by flow cytometry. For confocal
microscopy imaging analysis, cells were seeded into chamber slides
at a density of 6x104 cells/ml. At 16 h after plating, cells were
treated with luteolin at a concentration of 35 ug/ml and incubated
for 48 h. Next, the ER tracker was added to the cells, and the
samples were incubated for 30 min at 37°C. The tracker solution
was removed, and the cells were washed with PBS. Microscopy
images were collected using LSM 5 PASCAL software.

Measurement of mitochondrial Ca?* levels. Rhod-2 AM was used
to determine the levels of mitochondrial CaZ*+. Rhod-2 AM has a net
positive charge under physiological conditions, which facilitates its
sequestration into mitochondria via membrane potential-driven
uptake. The use of Rhod-2 AM improves the selectivity of
mitochondrial loading because the dye exhibits Ca2+-dependent
fluorescence only after oxidation, a process that preferentially
occurs within mitochondria. A2058 cells were seeded at a density
of 6x104 cells/ml. At 16 h after plating, cells were treated with
luteolin at a concentration of 35 pg/ml and incubated for an
additional 48 h. Cells were harvested, washed, and re-suspended in
PBS containing the Rhod-2 AM. After incubation for 30 min at
37°C, cells were washed, suspended in PBS, and analyzed by flow
cytometry. For image analysis, cells were loaded with Rhod-2 AM
and incubated for 30 min at 37°C. The stained cells were then
washed and mounted onto microscope slides in mounting medium.
Microscopy images were obtained using a confocal laser scanning
microscope and LSM 5 PASCAL software.

Measurement of intracellular ROS. The dichlorofluorescein
diacetate (DCF-DA) method was used to measure levels of
intracellular ROS (24). A2058 cells were seeded into 96-well plates
at a density of 6x104 cells/ml. At 16 h after plating, the cells were
treated with luteolin at a concentration of 35 pg/ml. The cells were
then incubated for an additional 30 min at 37°C. Next, DCF-DA
solution (25 uM) was added to the cells and incubated for 10 min.
The fluorescence of the 2°,7’-dichlorofluorescein product was
determined using a FACS Calibur flow cytometer (Becton
Dickinson, Mountain View, CA, USA).

Western blot analysis. A2058 cells were harvested, washed twice
with PBS, lysed on ice for 30 min in 100 pl of lysis buffer
containing 120 mM NaCl, 40 mM Tris (pH 8), and 0.1% NP-40,
and centrifuged at 13,000 rpm for 5 min. Supernatants were
collected from the lysates, and the protein concentrations in the
lysates were determined. Aliquots of the lysates (10 ug of protein)
were boiled for 5 min and electrophoresed in 10% sodium dodecyl
sulfate-polyacrylamide gels. The resolved proteins were then
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transferred onto nitrocellulose membranes, which were subsequently
incubated with the primary antibodies described above, followed by
a horseradish peroxidase-conjugated secondary antibody (Pierce,
Rockford, IL, USA). Protein bands were detected using an enhanced
chemiluminescence Western blotting detection kit (Amersham, Little
Chalfont, Buckinghamshire, UK), followed by exposure of the
membranes to X-ray film.

Transient transfection of small-interfering RNA (siRNA). Cells were
seeded in 96-well plates at a density of 6x104 cells/ml and allowed
to reach approximately 50% confluency on the day of transfection.
The siRNA constructs used were mismatched control siRNA
(siControl RNA), CHOP-targeting siRNA (siCHOP RNA), and
ATF6-targeting siRNA (siATF6 RNA) (Santa Cruz Biotechnology).
Cells were transfected with 10-50 nM siRNA using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA). After 24 h, cells were
examined by Western blot analysis and MTT assay.

Statistical analysis. Values are expressed as the mean+standard error
of the mean. Data were analyzed using an analysis of variance and
Tukey’s post-hoc test to determine pairwise differences. p<0.05 was
considered significant.

Results

Inhibition of cell proliferation and induction of apoptosis by
luteolin. The ability of luteolin to inhibit the proliferation of
A2058 human melanoma cells was assessed using the MTT
assay. Luteolin exerted substantial cytotoxicity against
A2058 cells in a dose-dependent manner, reducing cell
viability to 50% (ICs, value) at a concentration of 35 pg/ml
(Figure 1A). Based on this result, 35 pg/ml were chosen as
the optimal dose of luteolin for further study.

The inhibition of cell proliferation by luteolin (35 pg/ml)
was also confirmed by a colony-forming assay. The colony-
forming ability revealed a smaller percentage of colonies for
luteolin-treated cells than for control cells, when the
percentage of control colonies was normalized to 100%
(Figure 1B). To assess the apoptotic properties of luteolin,
nuclear staining was performed using the Hoechst 33342
dye. Microscopic examination demonstrated increased
formation of apoptotic bodies in luteolin-treated cells
compared to control cells (Figure 1C).

Induction of ER stress and mitochondrial Ca’* overloading
in human melanoma cells by luteolin. ER tracker-stained
cells were investigated via flow cytometry and fluorescence
microscopy. Flow cytometry data indicated a higher
fluorescence intensity (FI) of the ER tracker, Blue-White
DPX dye, in luteolin-treated cells (FI: 437) than in control
cells (FI: 86) (Figure 2A). The fluorescence microscopy data
were consistent with the flow cytometry data (Figure 2B).
Release of calcium from ER stores induces ER stress,
leading to an increase in cytosolic and mitochondrial Ca>*
levels (25). Rhod-2 AM-stained cells were investigated via
flow cytometry and fluorescence microscopy. Flow

cytometry data indicated a higher FI of the Rhod-2 AM dye
in luteolin-treated cells (FI: 298) than in control cells (FI:
96) (Figure 2C). The fluorescence microscopy data were
consistent with the flow cytometry data (Figure 2D).

Induction of ER stress through luteolin-induced ROS
generation. Luteolin treatment of A2058 cells resulted in
enhanced levels of intracellular ROS concomitant with ER
stress. However, N-acetyl cysteine (NAC), an antioxidant/
ROS scavenger, decreased the ROS content in luteolin-
treated cells (Figure 3A). In addition, NAC attenuated
apoptosis and ER stress induced by luteolin treatment, as
assessed by Hoechst 33342 and Blue-White DPX dye
(Figure 3B and C).

Expression of ER stress-related proteins in luteolin-treated
A2058 cells. Expression of ER stress-related proteins,
including phospho PERK, phospho elF2a., ATF6, CHOP, and
cleaved caspase 12, was higher in luteolin-treated cells than
in control cells (Figure 4A). The putative roles of CHOP and
ATF6 in luteolin-treated cells were investigated by siRNA-
mediated silencing in vitro. siControl RNA-transfected cells
with luteolin treatment had a significantly lower viability
than siControl RNA-transfected cells (Figure 4B and C).
Furthermore, luteolin treatment in SiCHOP RNA- or siATF6
RNA-transfected cells significantly recovered cell viability
of siControl RNA-transfected cells with luteolin treatment,
suggesting that luteolin induces ER stress-mediated cell
death via CHOP or ATF6 (Figure 4B and C).

Discussion

The aim of this study was to investigate whether luteolin can
induce apoptosis via an ER stress-related pathway in human
melanoma cells. Our findings suggest that luteolin can be
utilized as part of therapeutic strategies for the effective
management of metastatic melanoma by effectively
increasing ER stress and mitochondrial Ca* levels in A2058
cells. The ER and mitochondria are major calcium stores in
cells, and calcium is transferred through a calcium channel
(26). ER-mitochondria calcium cross-talk plays a key role in
cell signaling to regulate metabolism and induce cell death
(27). A change in the Ca®* stores of the ER is associated with
ER stress-mediated apoptosis (28). It was recently reported
that ER stress stimulates the release of Ca* into the cytosol,
followed by uptake of Ca2* into mitochondria, mitochondrial
fission, and release of cytochrome c, precipitating apoptosis
(29). Apoptotic cross-talk between the ER and mitochondria
is dependent on calcium signaling from the ER to
mitochondria, which is constrained by Bcl-2 and activated by
Bax (30). Furthermore, under ER stress conditions, apoptosis
is induced via several other mechanisms, including cross-talk
between ER and mitochondria as well as Ca>* release from
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ER stores through the inositol 1.4,5-triphosphate receptor and
ryanodine receptor channels (31). Inositol 1.4,5-triphosphate
receptors function as ligand-gated channels that release Ca>*
from intracellular Ca?* stores (32). Not only misfolded
proteins accumulated in the ER but also Ca®* store depletion
leads to ER stress.

Among the various pro-apoptotic regulators, CHOP is a
hallmark of programmed cell death that is closely
associated with ER stress (33). Luteolin induced the ER
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Figure 1. Luteolin induces apoptosis in A2058 melanoma cells. (A) The
IC5 value of luteolin (35 ug/ml) was determined by the MTT assay. (B)
For colony-forming assays, cells were cultured in the absence or
presence of luteolin (35 ug/ml) for 14 days. Colonies containing more
than 50 cells were included in the assay. CFA, colony-forming ability.
(C) Apoptotic body formation (arrows) was observed in luteolin-treated
cells by fluorescence microscopy after Hoechst 33342 staining and
quantified. *Significantly different from control (p<0.05).

stress-related proteins phospho PERK, phospho elF2a,
ATF6, CHOP, and caspase 12. ROS increases apoptosis via
ER stress and mitochondria dysfunction (34). Luteolin-
treated cells had increased intracellular ROS levels;
however, pre-treatment with an anti-oxidant attenuated
luteolin-induced apoptosis and ER stress in A2058 cells.
These findings suggest that luteolin treatment triggers
apoptosis in human melanoma cells through a mechanism
involving ROS-mediated ER stress.
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Figure 2. Luteolin increases ER staining and mitochondrial Ca?* overloading in A2058 cells. Cells were treated with luteolin for 48 h and then
stained with Blue-White DPX dye. The FI in A2058 cells was measured by flow cytometry (A) and confocal microscopy (B). Representative images
show the increase in the FI of the blue ER tracker in luteolin-treated cells relative to control cells. Cells were treated with luteolin for 48 h, harvested,
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control cells. *Significantly different from control (p<0.05).
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Figure 3. Luteolin induces apoptosis and ER stress via ROS in A2058 cells. After pre-treatment with 2 mM NAC for 1 h, luteolin was added to cells
and incubated for 48 h. (A) Levels of intracellular ROS were assessed in luteolin-treated cells by flow cytometry after DCF-DA staining. (B) Apoptotic
body formation (arrows) was observed in luteolin-treated cells by fluorescence microscopy after Hoechst 33342 staining and quantified. (C) The ER
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#significantly different from luteolin-treated cells (p<0.05).
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