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Abstract: Neuroblastomas are the most common solid extracranial tumors in childhood.
We investigated the anticancer effect of cearoin isolated from Dalbergia odorifera in human
neuroblastoma SH-SY5Y cells. SH-SY5Y cells were treated with various doses of cearoin. The viability
was measured by MTT assay. DCFDA fluorescence assay and Griess assay were used for the
measurement of intracellular reactive oxygen species (ROS) and nitric oxide (NO), respectively.
Western blot analysis was performed to clarify the molecular pathway involved. Cearoin induced cell
death in a dose-dependent manner. Cearoin increased the phosporylation of ERK, the conversion of
LC3B-I to LC3B-II, decrease in Bcl2 expression, the activation of caspase-3, and the cleavage of PARP,
indicating the induction of autophagy and apoptosis. Furthermore, cearoin treatment increased the
production of ROS and NO. Co-treatment with the antioxidant N-acetylcysteine completely abolished
cearoin-mediated autophagy, ERK activation and apoptosis, suggesting the critical role of ROS in
cearoin-induced anticancer effects. Moreover, co-treatment with ERK inhibitor PD98059 partially
reversed cearoin-induced cell death, indicating the involvement of ERK in cearoin anticancer effects.
These data reveal that cearoin induces autophagy, ERK activation and apoptosis in neuroblastoma
SH-SY5Y cells, which is mediated primarily by ROS generation, suggesting its therapeutic application
for the treatment of neuroblastomas.
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1. Introduction

Neuroblastomas are tumors that develop from immature nerve cells of the sympathetic nervous
system of infants. Neuroblastomas are the most common solid extracranial neoplasms that occur
in childhood, accounting for about 10% of all cancers in children. About 1 out of 3 neuroblastomas
develop in the adrenal gland, 1 out of 4 in postganglionic sympathetic nerves in the abdomen and
the rest initiate in sympathetic ganglia near the spine in the chest, neck, or pelvis. They account for
6% of all cancers in children aged up to 14 years, and about 700 new cases of neuroblastoma are
observed each year in United States [1,2]. Depending on the stage, the treatment of neuroblastoma
proceeds, which may include surgery, chemotherapy, radiation therapy, stem cell transplant, retinoid
therapy and immunotherapy. The heterogeneous nature of neuroblastoma in a morphological and
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biochemical context, along with the alteration in karyotype and cytogenetic characteristics helps these
tumors to resist the available therapies [3]. Therefore, the risk remains constant for the patients. It is
necessary to find novel therapeutic compounds that can work broadly, effectively and efficiently
against neuroblastomas.

Natural products play an important role in the research to develop treatment drugs for various
diseases. Over 60% of approved and pre-FDA (Food and Drug Administration) candidates are
either natural products or natural product-related agents, excepting antibodies and vaccines [4].
In case of anticancer agents, about 75% of anticancer compounds used in medicine are of natural
product origin [5]. Anticancer compounds belong to various structural classes such as anthracyclines,
enediynes, indolocarbazoles, isoprenoids, polyketides, and non-ribosomal peptides. They induce
apoptosis by several mechanisms such as DNA cleavage through the inhibition of topoisomerases,
mitochondrial permeabilization, cellular metabolism inhibition, or the inhibition of signal transduction
pathways [6].

Cearoin, (2,5-dihydroxy-4-methoxyphenyl)-phenylmethanone, is a benzophenone isolated from
the heartwood of Dalbergia odorifera. The Dalbergia odorifera is a medicinally important plant mainly
found in China. Traditionally heartwood is used for treating blood disorders, ischemia, swelling
and rheumatic pain in China and Korea. Recently, it was reported that cearoin isolated from
Nepalese propolis inhibited inflammatory responses in murine macrophagy RAW264.7 cell line [7]
and bone marrow-derived mast cells [8]. Cearoin decreased LPS-induced activation of nuclear factor
κB (NF-κB), a critical transcription factor for the mRNA expression of several inflammatory mediators
in RAW 264.7 cells. Cearoin suppressed nitric oxide (NO) production through inhibiting iNOS mRNA
expression and decreased the mRNA expression of TNFα and CCL-2, which were mediated by the
inhibition of NF-κB activity. In addition, cearoin inhibited IL-33-induced activation of NF-κB through
the suppression of IKK activation, thereby decreasing the mRNA expression of IL-6, TNFα and IL-13
in bone marrow-derived mast cells. From these recent reports, the anti-inflammatory effects of cearoin
were elucidated. However, other pharmacological effects of cearoin remain obscure. In particular,
the effects of cearoin in human neuroblastoma cells have not been reported yet. In this study, we
investigated the anticancer effects of cearoin and its underlying mechanism in human neuroblastoma
SH-SY5Y cells. We demonstrate for the first time that cearoin increases autophagy and apoptosis
through the production of reactive oxygen species (ROS) and the activation of ERK.

2. Results

2.1. Cearoin Decreases Cell Viability in SH-SY5Y Neuroblastoma Cells

Initially, to investigate the cytotoxic effects of cearoin in neuroblastomas, SH-SY5Y cells
were treated with various concentrations of cearoin and also with a common anticancer drug,
cyclophosphamide, as a positive control in 40 µM concentration for 6 h or 12 h. MTT assay showed
that cearoin significantly decreased cell viability from 10 µM in a dose-dependent manner. Treatment
with 40 µM cearoin for 12 h induced about 50% loss in cell viability in SH-SY5Y cells, whereas
cyclophosphamide induced about 10% loss in cell viability at 12 h (Figure 1). This data suggests the
anticancer effects of cearoin.
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Figure 1. Cearoin reduces viability of human neuroblastoma SH-SY5Y cells. SH-SY5Y neuroblastoma 
cells were treated with cearoin in various concentrations (0, 1, 5, 10, 20, 40, or 80 μM) and with 40 μM 
cyclophosphamide as positive control and incubated for 6 h or 12 h. The cell viability was measured 
using MTT assay. Each bar represents the mean percentage alterations below control (±SD) (n = 5~6). 
Differences were statistically significant at * p < 0.05, ** p < 0.01 and *** p < 0.001 as compared with 
the control. 

2.2. Cearoin Induces ERK Phosphorylation and Autophagy in SH-SY5Y Cells 

Next we examined cearoin-induced intracellular signaling transduction. Western blot analysis 
showed that cearoin increased ERK phosphorylation in a dose-dependent manner, whereas it did not 
alter JNK phosphorylation (Figure 2A). During the autophagosome formation, LC3B-I is converted 
into LC3B-II by conjugating with phosphatidyl ethanolamine. Therefore, the expression of LC3B-II is a 
good marker for autophagosome formation in the autophagy process [9]. The cearoin in SH-SY5Y 
cells induced the formation of LC3B-II in a dose dependent manner (Figure 2C), suggesting that 
cearoin induces autophagy. 

 

Figure 1. Cearoin reduces viability of human neuroblastoma SH-SY5Y cells. SH-SY5Y neuroblastoma
cells were treated with cearoin in various concentrations (0, 1, 5, 10, 20, 40, or 80 µM) and with 40 µM
cyclophosphamide as positive control and incubated for 6 h or 12 h. The cell viability was measured
using MTT assay. Each bar represents the mean percentage alterations below control (±SD) (n = 5~6).
Differences were statistically significant at * p < 0.05, ** p < 0.01 and *** p < 0.001 as compared with
the control.

2.2. Cearoin Induces ERK Phosphorylation and Autophagy in SH-SY5Y Cells

Next we examined cearoin-induced intracellular signaling transduction. Western blot analysis
showed that cearoin increased ERK phosphorylation in a dose-dependent manner, whereas it did not
alter JNK phosphorylation (Figure 2A). During the autophagosome formation, LC3B-I is converted
into LC3B-II by conjugating with phosphatidyl ethanolamine. Therefore, the expression of LC3B-II is a
good marker for autophagosome formation in the autophagy process [9]. The cearoin in SH-SY5Y cells
induced the formation of LC3B-II in a dose dependent manner (Figure 2C), suggesting that cearoin
induces autophagy.

Molecules 2017, 22, 242 3 of 13 

 

 
Figure 1. Cearoin reduces viability of human neuroblastoma SH-SY5Y cells. SH-SY5Y neuroblastoma 
cells were treated with cearoin in various concentrations (0, 1, 5, 10, 20, 40, or 80 μM) and with 40 μM 
cyclophosphamide as positive control and incubated for 6 h or 12 h. The cell viability was measured 
using MTT assay. Each bar represents the mean percentage alterations below control (±SD) (n = 5~6). 
Differences were statistically significant at * p < 0.05, ** p < 0.01 and *** p < 0.001 as compared with 
the control. 

2.2. Cearoin Induces ERK Phosphorylation and Autophagy in SH-SY5Y Cells 

Next we examined cearoin-induced intracellular signaling transduction. Western blot analysis 
showed that cearoin increased ERK phosphorylation in a dose-dependent manner, whereas it did not 
alter JNK phosphorylation (Figure 2A). During the autophagosome formation, LC3B-I is converted 
into LC3B-II by conjugating with phosphatidyl ethanolamine. Therefore, the expression of LC3B-II is a 
good marker for autophagosome formation in the autophagy process [9]. The cearoin in SH-SY5Y 
cells induced the formation of LC3B-II in a dose dependent manner (Figure 2C), suggesting that 
cearoin induces autophagy. 

 

Figure 2. Cont.



Molecules 2017, 22, 242 4 of 13

Molecules 2017, 22, 242 4 of 13 

 

 
Figure 2. Cearoin induces the phosphorylation of ERK and the formation of LC3B-II. SH-SY5Y 
neuroblastoma cells were treated with cearoin in various concentrations (0, 5, 10, 20, 40, or 80 μM) 
and incubated for 12 h. Then the cells were lysed, and (A) the expression levels of p-ERK, p-JNK, actin; 
(C) LC3B I/II and actin were measured by Western blot analysis. The blots shown are representative 
of three independent experiments. Actin was used as a loading control; (B) quantification by 
densitometry. Each bar represents the mean fold alterations above control (±SD) (n = 3). Differences 
were considered statistically significant at ** p < 0.01 and *** p < 0.001 as compared with the control. 

2.3. Cearoin Induces Apoptosis in SH-SY5Y Cells 

Western blot analysis showed that 40 or 80 μM of cearoin clearly increased PARP cleavage, 
which indicates caspases activation and the progress of apoptotic cell death. When caspases and/or 
calpains are activated, the expression of α-spectrin breakdown products (SBDP) is shown at 150 kDa 
by calpain activation and further cleaved by caspase-3 yielding 120 kDa of shorter fragments. The 
treatment of 40 μM of cearoin increased caspase-3 mediated SBDP and the treatment of 80 μM of 
cearoin increased the expression of both calpain and caspase-3 mediated SBDP (Figure 3A). The  
pro-apoptotic enzyme Bax and the anti-apoptotic enzyme Bcl-2 play crucial roles in regulating cell 
death and survival [10,11]. Interestingly, the expression of Bax was not altered by cearoin treatment, 
whereas that of Bcl-2 was significantly decreased in a dose-dependent manner (Figure 3A). In addition, 
cearoin treatment for 3 h significantly increased the activity of caspase-3 which is activated during 
apoptosis and used as an apoptotic marker (Figure 3C). These data suggest that cearoin leads to 
apoptotic cell death in SH-SY5Y cells. 

 

Figure 2. Cearoin induces the phosphorylation of ERK and the formation of LC3B-II. SH-SY5Y
neuroblastoma cells were treated with cearoin in various concentrations (0, 5, 10, 20, 40, or 80 µM) and
incubated for 12 h. Then the cells were lysed, and (A) the expression levels of p-ERK, p-JNK, actin;
(C) LC3B I/II and actin were measured by Western blot analysis. The blots shown are representative of
three independent experiments. Actin was used as a loading control; (B) quantification by densitometry.
Each bar represents the mean fold alterations above control (±SD) (n = 3). Differences were considered
statistically significant at ** p < 0.01 and *** p < 0.001 as compared with the control.

2.3. Cearoin Induces Apoptosis in SH-SY5Y Cells

Western blot analysis showed that 40 or 80 µM of cearoin clearly increased PARP cleavage, which
indicates caspases activation and the progress of apoptotic cell death. When caspases and/or calpains
are activated, the expression of α-spectrin breakdown products (SBDP) is shown at 150 kDa by calpain
activation and further cleaved by caspase-3 yielding 120 kDa of shorter fragments. The treatment of
40 µM of cearoin increased caspase-3 mediated SBDP and the treatment of 80 µM of cearoin increased
the expression of both calpain and caspase-3 mediated SBDP (Figure 3A). The pro-apoptotic enzyme
Bax and the anti-apoptotic enzyme Bcl-2 play crucial roles in regulating cell death and survival [10,11].
Interestingly, the expression of Bax was not altered by cearoin treatment, whereas that of Bcl-2 was
significantly decreased in a dose-dependent manner (Figure 3A). In addition, cearoin treatment for
3 h significantly increased the activity of caspase-3 which is activated during apoptosis and used
as an apoptotic marker (Figure 3C). These data suggest that cearoin leads to apoptotic cell death in
SH-SY5Y cells.
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2.4. Cearoin Increases the Generation of ROS and NO 

Intracellular production of ROS has been shown to lead to cellular damage and cell death. 
Therefore, we analyzed ROS generation in cearoin-treated cells by measuring the intensity of DCFDA 
dye through a ELISA reader. SH-SY5Y cells treated with different concentrations of cearoin induced 
the production of intracellular ROS which gradually increased with increasing doses of cearoin 
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Figure 3. Cearoin induces apoptotic cell death in SH-SY5Y neuroblastoma cells. (A) SH-SY5Y
neuroblastoma cells were treated with cearoin in various concentrations (0, 5, 10, 20, 40, or 80 µM)
and incubated for 12 h. Then, the cells were lysed, and the proteins levels of PARP, α-spectrin,
Bax, Bcl-2 and actin were determined by Western blot analysis. The blots shown are representative
of three independent experiments. Actin was used as a loading control; (B) quantification by
densitometry. Each bar represents the mean fold alterations above the control (±SD) (n = 3);
(C) SH-SY5Y neuroblastoma cells were treated with cearoin in various concentrations (0, 20, 40, or
80 µM) for 3 h and the caspase-3 activity was measured using caspase-3 activity assay kit. Each bar
represents the mean fold alterations above the control (±SD) (n = 3). Differences were considered
statistically significant at * p < 0.05, ** p < 0.01 and *** p < 0.001 as compared with the control.

2.4. Cearoin Increases the Generation of ROS and NO

Intracellular production of ROS has been shown to lead to cellular damage and cell death.
Therefore, we analyzed ROS generation in cearoin-treated cells by measuring the intensity of DCFDA
dye through a ELISA reader. SH-SY5Y cells treated with different concentrations of cearoin induced the
production of intracellular ROS which gradually increased with increasing doses of cearoin (Figure 4A).
Because NO is also involved in the oxidative damage, we measured the NO production in SH-SY5Y
cells treated with cearoin using Griess assay. The production of NO was significantly increased
alongside increasing doses of cearoin (Figure 4B).
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might be mediated by ROS. Furthermore, co-treatment of NAC with cearoin abolished both PARP 
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ERK activation, and autophagy in SH-SY5Y neuroblastoma cells 

 

Figure 4. Cearoin increases the intracellular reactive oxygen species (ROS) production and nitric oxide
(NO) generation in neuroblastoma SH-SY5Y cells. SH-SY5Y neuroblastoma cells were treated with
cearoin in various concentrations (0, 10, 20, 40, 80, or 160 µM) and incubated for 12 h. (A) Intracellular
ROS production was measured using DCFDA fluorescence assay. Each bar represents the mean
percentage alterations above the control (±SD) (n = 5); (B) total NO release was measured using Griess
method. Each bar represents the mean nitrite concentration (±SD) (n = 6). Differences were considered
statistically significant at * p < 0.05 and *** p < 0.001 as compared with the control.

2.5. Cearoin-Induced Cell Death is Mediated by ROS Generation

To confirm the importance of ROS and NO in cearoin-mediated cell death, a specific ROS scavenger
or nitric oxide synthase (NOS) inhibitor was co-treated with cearoin in SH-SY5Y cells. Cell viability
assay showed that ROS scavenger NAC significantly attenuated cearoin-induced cell death, while
NOS inhibitor L-NMMA showed a significant but limited decrease in cell death induced by cearoin
(Figure 5A). In the presence of ROS scavenger NAC, both ROS and NO levels induced by cearoin was
inhibited (Figure 5B), while in the presence of NOS inhibitor L-NMMA, only cearoin-induced NO
production was inhibited (Figure 5C). These showed that NO generation might be mediated by ROS.
Furthermore, co-treatment of NAC with cearoin abolished both PARP cleavage and ERK activation,
which was increased by cearoin treatment (Figure 5D). Interestingly, NAC co-treatment decreased
the cearoin-induced conversion of LC3B-I to LC3B-II. From these results, we demonstrate that ROS
generation mediates cearoin-induced cytotoxicity, NO production, ERK activation, and autophagy in
SH-SY5Y neuroblastoma cells.
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viability was measured using MTT assay; (B,C) ROS and NO levels were measured using DCFDA 
fluorescence method and Griess reagent respectively. Each bar represents the mean percentage 
alterations above or below the control (±SD) (n = 6). Differences were considered statistically 
significant at *** p < 0.001 as compared with the control, ## p < 0.01 and ### p < 0.001 as compared with 
the 40 μM cearoin treated group; (D) the cells were pre-incubated with or without ROS scavenger 
NAC (5 mM) for 1 h and then treated with or without cearion (40 μM) and incubated for a further 12 
h. Then, the cells were lysed, and the protein levels of PARP, p-ERK, ERK, LC3B I/II and GAPDH 
were determined by Western blot analysis. The blots shown are representative of three independent 
experiments. GAPDH was used as a loading control; (E) quantification by densitometry. Each bar 
represents the mean fold alterations above the control (±SD) (n = 3). Differences were considered 
statistically significant at ** p < 0.01 and *** p < 0.001 as compared with the control, and at ## p < 0.01 
and ### p < 0.001 as compared with the 40 μM cearoin treated group. 

2.6. ERK Partially Mediates Cearoin-Induced Cell Death 

Finally, because cearoin increased the phosphorylation of ERK (Figure 2), we examined 
whether ERK is involved in the cearoin-induced cytotoxicity in SH-SY5Y cells. As shown in Figure 6, 

Figure 5. Antioxidant NAC completely reverses the cearoin-induced ERK activation, autophagy, and
cell death in neuroblastoma SH SY5Y cells. Neuroblastoma SH-SY5Y cells were pre-incubated with or
without ROS scavenger NAC (5 mM) or nitric oxide synthase (NOS) inhibitor L-NMMA (50 µM) for 1 h
and then treated with or without cearion (40 µM) and incubated for a further 12 h. (A) The cell viability
was measured using MTT assay; (B,C) ROS and NO levels were measured using DCFDA fluorescence
method and Griess reagent respectively. Each bar represents the mean percentage alterations above or
below the control (±SD) (n = 6). Differences were considered statistically significant at *** p < 0.001 as
compared with the control, ## p < 0.01 and ### p < 0.001 as compared with the 40 µM cearoin treated
group; (D) the cells were pre-incubated with or without ROS scavenger NAC (5 mM) for 1 h and then
treated with or without cearion (40 µM) and incubated for a further 12 h. Then, the cells were lysed,
and the protein levels of PARP, p-ERK, ERK, LC3B I/II and GAPDH were determined by Western blot
analysis. The blots shown are representative of three independent experiments. GAPDH was used as
a loading control; (E) quantification by densitometry. Each bar represents the mean fold alterations
above the control (±SD) (n = 3). Differences were considered statistically significant at ** p < 0.01 and
*** p < 0.001 as compared with the control, and at ## p < 0.01 and ### p < 0.001 as compared with the
40 µM cearoin treated group.

2.6. ERK Partially Mediates Cearoin-Induced Cell Death

Finally, because cearoin increased the phosphorylation of ERK (Figure 2), we examined whether
ERK is involved in the cearoin-induced cytotoxicity in SH-SY5Y cells. As shown in Figure 6, MEK
inhibitor PD98059, which suppresses the phosphorylation of ERK, partially but significantly reversed
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the decreased cell viability induced by cearoin treatment (Figure 6A). ERK inhibition did not alter
the generation of ROS and NO, which was induced by cearoin (Figure 6B,C). Considering that NAC
abolished cearoin-induced ERK phosphorylation (Figure 5), ERK activation is one of the downstream
activities derived from ROS production. Therefore, ERK inhibition did not affect the levels of ROS or
NO. This data demonstrates that cearoin-induced apoptosis is partially mediated by ERK activation,
which was induced by ROS generation.
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attributable to extensive cellular heterogeneity [2]. Therefore, it is necessary to find novel therapeutics 
that can act effectively and efficiently through various anticancer mechanisms. In this study, we 
examined the anticancer effects of cearoin in neuroblastoma cells. We demonstrate that cearoin 
induces autophagy and apoptosis in SH-SY5Y neuroblastoma cells. Cearoin-induced autophagy and 
apoptosis is mediated by increased ROS generation. Furthermore, ERK activation via ROS 
production partially contributes to cearoin-induced cell death. 
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Figure 6. PD98059 partially reverses the cearoin-induced cell death in neuroblastoma SH-SY5Y cells.
SH-SY5Y cells were pre-incubated with or without MEK inhibitor PD98059 (40 µM) for 1 h and then
treated with or without cearion (40 µM) and incubated for a further 12 h. (A) Cell viability was
measured using MTT assay; (B,C) ROS and NO levels were measured using DCFDA fluorescence
method and Griess reagent respectively. Each bar represents the mean percentage alterations above or
below the control (±SD) (n = 6). Differences were considered statistically significant at *** p < 0.001 as
compared with the control, ### p < 0.001 as compared with the 40 µM cearoin treated group.

3. Discussion

Neuroblastomas are the most common solid extracranial cancers in childhood. One-third of
neuroblastoma-diagnosed children belong to a high-risk group with a drug resistance, which is
attributable to extensive cellular heterogeneity [2]. Therefore, it is necessary to find novel therapeutics
that can act effectively and efficiently through various anticancer mechanisms. In this study, we
examined the anticancer effects of cearoin in neuroblastoma cells. We demonstrate that cearoin induces
autophagy and apoptosis in SH-SY5Y neuroblastoma cells. Cearoin-induced autophagy and apoptosis
is mediated by increased ROS generation. Furthermore, ERK activation via ROS production partially
contributes to cearoin-induced cell death.

ROS are mostly short lived and highly reactive molecules that have a single unpaired electron
in their outermost shell of electrons. ROS are radicals, including peroxides and oxygen anions,
such as hydrogen peroxide, superoxide, and hydroxyl radicals. In cancer cells, ROS production is
attributable to the mitochondrial dysfunction, peroxisome, metabolic activity, or receptor signaling
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activation [12,13]. Although low doses of superoxide or hydrogen peroxide stimulate cancer cell
proliferation, disproportionate cellular ROS levels induce irreversible damages in cancer cells through
cell cycle arrest and apoptosis [13]. Increased mitochondrial oxidative stress leads to cytochrome c
release, caspases activation, and cell death [14]. Many chemotherapeutics have the strategy to intensely
elevate intracellular ROS levels, inducing cancer cell apoptosis [15]. Cearoin treatment also significantly
increased intracellular ROS and NO levels (Figure 4), which was accompanied by increased PARP
cleavage and caspase-3 activity, and decreased Bcl-2 expression (Figure 3). Cearoin-induced cell death
was completely reversed by ROS scavenger NAC, while it was partially recovered by NOS inhibitor
L-NMMA. Although ROS scavenger NAC abrogated not only ROS but also NO, NOS inhibitor
L-NMMA abolished only NO, not ROS. Compared to L-NMMA, NAC significantly reversed the
cytotoxicity increased by cearoin. Therefore, the NAC-induced decrease in cytotoxicity might be
mainly attributable to scavenging ROS. These data suggest the critical role of ROS in cearoin-induced
anticancer effects. In addition, NO production might be due to the ROS generation, because NAC
abolished NO production. It has been reported that ROS mediates NO production through ERK/JNK
signaling pathway [16]. Because NAC has been known to modulate the expression of genes for many
signaling molecules, it should be considered the indirect effects of NAC. Therefore, further studies will
be needed to clarify this issue.

Generally, the ERK pathway activated by growth factors and K-ras has been known to induce
cell proliferation in cancer [17]. However, there are several reports showing that ROS-dependent ERK
activation triggers cell cycle arrest and apoptosis in cancer cells. Anticancer agents such as cisplatin,
or etoposide require prolonged ERK activation for inducing apoptosis in various immortalized
or transformed cells [18]. Consistent with in vitro results, ROS-mediated activation of the ERK
pathway inhibited pancreatic tumor growth in a xenograft model [19]. In our study, cearoin increased
ERK phosphorylation and the inhibition of ERK using PD98059 partially reversed the cell death
effect of cearoin (Figure 6). These data suggest that ROS-induced ERK activation is one of the
molecular mechanisms required for cearoin-mediated anticancer effects in SH-SY5Y neuroblastoma
cells. Considering that the ERK inhibitor could not able to inhibit the ROS and NO production induced
by cearoin, ERK activation might be the downstream signaling of ROS production.

Autophagy is a highly conserved catabolic process that recycles damaged cellular components
in response to various stresses such as nutrient deprivation or viral infection. It is morphologically
characterized by the formation of double membrane autophagosomes. Autophagy is a double-sided
cellular program, because it triggers either cell death or survival. In case of extensive damages,
autophagy promotes another programmed cell death pathway, known as autophagic cell death [20].
Interestingly, cearoin-induced autophagy was inhibited by NAC co-treatment (Figure 5D). It has been
reported that several anticancer agents such as resveratrol [21] or cucurbitacin [22] induce autophagy
through ROS production. Previous reports have suggested the several molecular mechanisms by which
ROS induce autophagy. One of the mechanisms is that ROS oxidize ATG4 leading to the increased
autophagosome formation [23]. On the other hand, apogossypolone disrupted the interaction of
Beclin-1 and Bcl-2, which is accompanied by the increased ROS-mediated autophagy [24]. Therefore,
cearoin might also increase the oxidation of ATG4 or interrupt the interaction of Beclin-1 and Bcl-2,
thereby inducing autophagy activation. Further study will be needed to clarify this issue.

In this study, we demonstrate for the first time that cearoin induces apoptosis. There are several
researches showing the anticancer effects of some compounds with benzophenone structure. Injection
of benzophenone semicarbazone inhibited cell growth, decreased tumor weight, and increased mean
survival time in Swiss albino mice bearing ehrlich ascites carcinoma cells [25]. A benzophenone
7-epiclusianone isolated from Garcinia brasiliensis decreased the S and G2/M populations, increased
the number of cells at sub-G1, and increased apoptotic cell death in glioblastoma cell lines [26]. In this
regard, cearoin might be newly included in the anticancer compounds with benzophenone structure.

In conclusion, we demonstrate for the first time that cearoin has anticancer effects in
neuroblastoma SH-SY5Y cells. Cearoin leads to autophagy and apoptosis through the increased
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ROS generation. Furthermore, cearoin-induced cell death is partially mediated by ROS-dependent
ERK activation.

4. Materials and Methods

4.1. Materials and Materials

Cearoin was isolated from the ethanol extract of dried heartwoods of D. odorifera as described
previously [27]. Cearoin stock solution was prepared in DMSO and stored at −20 ◦C, which was
diluted using serum-free media during the treatment. Similarly, stock solution of anticancer drug
cyclosphosphamide was prepared in DMSO and diluted in serum-free media during treatment.
Dulbecco’s Modified Eagle’s Medium (DMEM) and all medium additives were obtained from
Gibco BRL. Cyclophosphamide, Sodium nitrite, N-Acetyl-L-cysteine (NAC), NG-methyl-L-arginine
acetate (L-NMMA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), and
2-7-dichlorodihydrofluorescein diacetate (DCFDA) fluorescence kit were purchased from Sigma
Aldrich (St Louis, MI, USA). PD98059 was purchased from Calbiochem (La Jolla, CA, USA). Caspase-3
activity kit was purchased from Biovison (Milpitas, CA, USA). The antibodies specific for α-spectrin,
PARP, LC3B, p-ERK, ERK, p-JNK and JNK were purchased from cell signaling Technology (Danvers,
MA, USA). The β-actin was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and
GAPDH was purchased from Thermo Fisher (Illinois, Rockford, AL, USA).

4.2. Cell Culture

The human neuroblastoma cell line, SH-SY5Y, was purchased from the Korean Cell Line Bank and
cultured in Dulbecco’s Modified Eagle’s Medium (Gibco BRL, Grand Island, NE, USA) supplemented
with 10% fetal bovine serum in a 5% CO2 atmosphere at 37 ◦C. The cells were seeded and treated with
various doses of cearoin in serum-free media 24 h later.

4.3. MTT Assay

Cell viability was calculated by the reduction of MTT. Human neuroblastoma SH-SY5Y cells were
seeded at 2 × 105 cells per well in a 96-well plate and treated with various concentrations of cearoin
for 6 h or 12 h. In the case of NAC, L-NMMA, or PD98059 co-treatment, the cells were pre-treated with
5 mM NAC or 50 µM L-NMMA or 40 µM PD98059 for 1 h, followed by cearoin treatment for 12 h.
After 12 h incubation the media was removed gently and 100 µL MTT solution (1 mg/mL) prepared
in serum-free media was added to each well. The plates were then incubated at room temperature
for 2 h and reduced purple blue MTT formazan crystals were solubilized by adding 100 µL DMSO to
each well and shaking in a rocker for 15 min. The absorbance was then measured at 540 nm using a
micro-plate ELISA reader.

4.4. Measurement of Intracellular ROS

Intracellular ROS was measured by using DCFDA fluorescence dye. SH-SY5Y cells were seeded
at 2 × 105 cells per well in a black, clear bottom 96-well plate and incubated for 24 h. Then cells were
treated with cearoin in concentrations of 5, 10, 20, 40, 80 or 160 µM for 12 h. In the case of NAC,
L-NMMA, or PD98059 co-treatment, the cells were pre-treated with 5 mM NAC or 50 µM L-NMMA
or 40 µM PD98059 for 1 h, followed by cearoin treatment for 12 h. For positive control, H2O2 was
treated at the last 45 min of treatment. Then DCFDA dye was treated in 20 µM concentration for
20 min using serum-free media. At the end of incubation, the cells were washed with PBS and an
intensity of fluorescence was measured at wavelength 485 nm for excitation and 535 nm for emission
in a fluorescence micro-plate ELISA reader.
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4.5. Measurement of NO Production

NO generation was determined by measuring NO2
− concentrations in the culture supernatant

using Griess reagents. SH-SY5Y cells were seeded at 0.5 × 106 cells per well in a 12-well plate and
incubated for 24 h. Then cells were treated with cearoin in concentrations of 5, 10, 20, 40, 80 or 160 µM
for 12 h. In the case of NAC, L-NMMA, or PD98059 co-treatment, the cells were pre-treated with
5 mM NAC or 50 µM L-NMMA or 40 µM PD98059 for 1 h, followed by cearoin treatment for 12 h.
Culture supernatant (50 µL) from each group was mixed with 50 µL of the Griess reagent (mixture
in 1:1 ratio of 0.1% N-1-napthylethylenediamine dihydrochloride in water and 1% sulphanilamide
in 5% phosphoric acid) and then incubated for 10 min. The optical density was measured at 540 nm.
NO2

− concentrations were determined from a standard curve prepared with known concentrations
of NaNO2.

4.6. Caspase-3 Activity Assay

Activation of caspase-3 was measured by using caspase-3/CPP32 colorimetric assay kit (BioVision,
Milpitas, CA, USA). The SH-SY5Y cells were cultured in a 6-well plate and incubated for 24 h. The cells
were treated with cearoin in different doses and incubated for 3 h. Then, caspase-3 activity was
measured according to the manufacturer’s instructions.

4.7. Western Blot Analysis

Human neuroblastoma SH-SY5Y cells were seeded at 2 × 106 cells per well in a 6-well plate and
treated with various concentrations of cearoin for 12 h. In the case of NAC, L-NMMA, or PD98059
co-treatment, the cells were pre-treated with 5 mM NAC or 50 µM L-NMMA or 40 µM PD98059 for 1 h,
followed by cearoin treatment for 12 h. The cells were then washed twice with ice cold PBS and lysed
in RIPA buffer (Biosesang, Seoul, Korea) containing 50 mM Tris-HCl PH 7.5, 150 mM NaCl, 1% triton
X-100, 1% Sodium deoxycholate, 0.1% SDS, 2 mM EDTA PH 8.0 and supplemented with 1% protease
inhibitor cocktail and phosphatase inhibitors (Roche Life Science, Mannheim, Germany). The cell
lysates were centrifuged at 15,000 rpm for 10 min at 4 ◦C and the supernatants were collected and
used for Western blot analysis. Protein concentrations were measured using BCA assay kit (Thermo
Scientific, Illinois, Rockford, AL, USA). Equal amount of proteins from each sample were subjected to
SDS-PAGE and transferred to PVDF membrane (EMD Millipore, Bedford, MA, USA). The membranes
were incubated in rocking mode for 1 h in blocking solution i.e., 5% skim milk prepared in T-TBS
(TBS buffer containing 1% tween 20) at RT (Room Temperature) and incubated overnight at 4 ◦C with
specific antibodies, which were diluted (1:1000) in 5% skim milk. After that, the membranes were
incubated with anti-rabbit and anti-mouse IgG horseradish peroxidase-linked secondary antibodies
for 1 h at room temperature. Then membranes were washed thrice for 5 min with T-TBS, which were
later developed in film using a chemiluminescent mixture (Thermo Scientific). Then the expression
levels were quantified by densitometry using ImageJ software (National Institutes of Health, Bethesda,
MA, USA).

4.8. Statistical Analysis

All experiments were performed at least three times using independent experiments with identical
results. All results are expressed as means ± standard deviation (SD) and the presented figures are
representative of the series of experiments. Statistical analyses were performed using GraphPad Prism
software where the significance of difference was determined using one-way ANOVA and turkey tests
for all paired data. A value of p < 0.05 was considered significant.

Acknowledgments: This work was supported by Wonkwang University in 2014.

Author Contributions: We declare that this work was done by the authors named in this article and all liabilities
pertaining to claims relating to the content of this article will be borne by the authors. T. Bastola and R. An did the
experiments and Y. Kim, J. Kim and J. Seo designed the study and drafted the manuscript.



Molecules 2017, 22, 242 12 of 13

Conflicts of Interest: No conflict of interest associated with this work.

References

1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2016. CA Cancer J. Clin. 2016, 66, 7–30. [CrossRef]
[PubMed]

2. Davidoff, A.M. Neuroblastoma. Semin. Pediatr. Surg. 2012, 21, 2–14. [CrossRef] [PubMed]
3. Kumar, A.; Al-Sammarraie, N.; DiPette, D.J.; Singh, U.S. Metformin impairs rho gtpase signaling to

induce apoptosis in neuroblastoma cells and inhibits growth of tumors in the xenograft mouse model
of neuroblastoma. Oncotarget 2014, 5, 11709–11722. [CrossRef] [PubMed]

4. Newman, D.J.; Cragg, G.M.; Snader, K.M. Natural products as sources of new drugs over the period
1981–2002. J. Nat. Prod. 2003, 66, 1022–1037. [CrossRef] [PubMed]

5. Cragg, G.M.; Newman, D.J. Plants as a source of anti-cancer agents. J. Ethnopharmacol. 2005, 100, 72–79.
[CrossRef] [PubMed]

6. Demain, A.L.; Vaishnav, P. Natural products for cancer chemotherapy. Microb. Biotechnol. 2011, 4, 687–699.
[CrossRef] [PubMed]

7. Funakoshi-Tago, M.; Ohsawa, K.; Ishikawa, T.; Nakamura, F.; Ueda, F.; Narukawa, Y.; Kiuchi, F.; Tamura, H.;
Tago, K.; Kasahara, T. Inhibitory effects of flavonoids extracted from nepalese propolis on the lps signaling
pathway. Int. Immunopharmacol. 2015, 40, 550–560. [CrossRef] [PubMed]

8. Funakoshi-Tago, M.; Okamoto, K.; Izumi, R.; Tago, K.; Yanagisawa, K.; Narukawa, Y.; Kiuchi, F.; Kasahara, T.;
Tamura, H. Anti-inflammatory activity of flavonoids in nepalese propolis is attributed to inhibition of the
il-33 signaling pathway. Int. Immunopharmacol. 2015, 25, 189–198. [CrossRef] [PubMed]

9. Mizushima, N.; Yoshimori, T. How to interpret lc3 immunoblotting. Autophagy 2007, 3, 542–545. [CrossRef]
[PubMed]

10. Galluzzi, L.; Blomgren, K.; Kroemer, G. Mitochondrial membrane permeabilization in neuronal injury.
Nat. Rev. Neurosci. 2009, 10, 481–494. [CrossRef] [PubMed]

11. Isaev, N.K.; Stel ashuk, E.V.; Zorov, D.B. Cellular mechanisms of brain hypoglycemia. Biochemistry (Moscow)
2007, 72, 471–478. [CrossRef] [PubMed]

12. Storz, P. Reactive oxygen species in tumor progression. Front. Biosci. 2005, 10, 1881–1896. [CrossRef]
[PubMed]

13. Liou, G.Y.; Storz, P. Reactive oxygen species in cancer. Free Radic. Res. 2010, 44, 479–496. [CrossRef] [PubMed]
14. Cadenas, E. Mitochondrial free radical production and cell signaling. Mol. Aspects Med. 2004, 25, 17–26.

[CrossRef] [PubMed]
15. Trachootham, D.; Alexandre, J.; Huang, P. Targeting cancer cells by ros-mediated mechanisms: A radical

therapeutic approach? Nat. Rev. Drug Discov. 2009, 8, 579–591. [CrossRef] [PubMed]
16. Wang, C.; Nie, X.; Zhang, Y.; Li, T.; Mao, J.; Liu, X.; Gu, Y.; Shi, J.; Xiao, J.; Wan, C.; et al. Reactive oxygen

species mediate nitric oxide production through ERK/JNK MAPK signaling in HAPI microglia after PFOS
exposure. Toxicol. Appl. Pharmacol. 2015, 288, 143–151. [CrossRef] [PubMed]

17. Roberts, P.J.; Der, C.J. Targeting the Raf-MEK-ERK mitogen-activated protein kinase cascade for the treatment
of cancer. Oncogene 2007, 26, 3291–3310. [CrossRef] [PubMed]

18. Cagnol, S.; Chambard, J.C. Erk and cell death: Mechanisms of ERK-induced cell death—Apoptosis,
autophagy and senescence. FEBS J. 2010, 277, 2–21. [CrossRef] [PubMed]

19. Shi, Y.; Sahu, R.P.; Srivastava, S.K. Triphala inhibits both in vitro and in vivo xenograft growth of pancreatic
tumor cells by inducing apoptosis. BMC Cancer 2008, 8, 294. [CrossRef] [PubMed]

20. Maiuri, M.C.; Zalckvar, E.; Kimchi, A.; Kroemer, G. Self-eating and self-killing: Crosstalk between autophagy
and apoptosis. Nat. Rev. Mol. Cell Biol. 2007, 8, 741–752. [CrossRef] [PubMed]

21. Lang, F.; Qin, Z.; Li, F.; Zhang, H.; Fang, Z.; Hao, E. Apoptotic cell death induced by resveratrol is partially
mediated by the autophagy pathway in human ovarian cancer cells. PLoS ONE 2015, 10, e0129196. [CrossRef]
[PubMed]

22. Zhang, T.; Li, Y.; Park, K.A.; Byun, H.S.; Won, M.; Jeon, J.; Lee, Y.; Seok, J.H.; Choi, S.W.; Lee, S.H.; et al.
Cucurbitacin induces autophagy through mitochondrial ros production which counteracts to limit
caspase-dependent apoptosis. Autophagy 2012, 8, 559–576. [CrossRef] [PubMed]

http://dx.doi.org/10.3322/caac.21332
http://www.ncbi.nlm.nih.gov/pubmed/26742998
http://dx.doi.org/10.1053/j.sempedsurg.2011.10.009
http://www.ncbi.nlm.nih.gov/pubmed/22248965
http://dx.doi.org/10.18632/oncotarget.2606
http://www.ncbi.nlm.nih.gov/pubmed/25365944
http://dx.doi.org/10.1021/np030096l
http://www.ncbi.nlm.nih.gov/pubmed/12880330
http://dx.doi.org/10.1016/j.jep.2005.05.011
http://www.ncbi.nlm.nih.gov/pubmed/16009521
http://dx.doi.org/10.1111/j.1751-7915.2010.00221.x
http://www.ncbi.nlm.nih.gov/pubmed/21375717
http://dx.doi.org/10.1016/j.intimp.2016.10.008
http://www.ncbi.nlm.nih.gov/pubmed/27770720
http://dx.doi.org/10.1016/j.intimp.2015.01.012
http://www.ncbi.nlm.nih.gov/pubmed/25614224
http://dx.doi.org/10.4161/auto.4600
http://www.ncbi.nlm.nih.gov/pubmed/17611390
http://dx.doi.org/10.1038/nrn2665
http://www.ncbi.nlm.nih.gov/pubmed/19543220
http://dx.doi.org/10.1134/S0006297907050021
http://www.ncbi.nlm.nih.gov/pubmed/17573700
http://dx.doi.org/10.2741/1667
http://www.ncbi.nlm.nih.gov/pubmed/15769673
http://dx.doi.org/10.3109/10715761003667554
http://www.ncbi.nlm.nih.gov/pubmed/20370557
http://dx.doi.org/10.1016/j.mam.2004.02.005
http://www.ncbi.nlm.nih.gov/pubmed/15051313
http://dx.doi.org/10.1038/nrd2803
http://www.ncbi.nlm.nih.gov/pubmed/19478820
http://dx.doi.org/10.1016/j.taap.2015.06.012
http://www.ncbi.nlm.nih.gov/pubmed/26086160
http://dx.doi.org/10.1038/sj.onc.1210422
http://www.ncbi.nlm.nih.gov/pubmed/17496923
http://dx.doi.org/10.1111/j.1742-4658.2009.07366.x
http://www.ncbi.nlm.nih.gov/pubmed/19843174
http://dx.doi.org/10.1186/1471-2407-8-294
http://www.ncbi.nlm.nih.gov/pubmed/18847491
http://dx.doi.org/10.1038/nrm2239
http://www.ncbi.nlm.nih.gov/pubmed/17717517
http://dx.doi.org/10.1371/journal.pone.0129196
http://www.ncbi.nlm.nih.gov/pubmed/26067645
http://dx.doi.org/10.4161/auto.18867
http://www.ncbi.nlm.nih.gov/pubmed/22441021


Molecules 2017, 22, 242 13 of 13

23. Scherz-Shouval, R.; Shvets, E.; Fass, E.; Shorer, H.; Gil, L.; Elazar, Z. Reactive oxygen species are essential for
autophagy and specifically regulate the activity of Atg4. EMBO J. 2007, 26, 1749–1760. [CrossRef] [PubMed]

24. Cheng, P.; Ni, Z.; Dai, X.; Wang, B.; Ding, W.; Rae Smith, A.; Xu, L.; Wu, D.; He, F.; Lian, J. The novel
BH-3 mimetic apogossypolone induces Beclin-1- and ROS-mediated autophagy in human hepatocellular
carcinoma cells. Cell Death Dis. 2013, 4, e489. [CrossRef] [PubMed]

25. Islam, K.; Ali, S.M.; Jesmin, M.; Khanam, J.A. In vivo anticancer activities of benzophenone semicarbazone
against ehrlich ascites carcinoma cells in swiss albino mice. Cancer Biol. Med. 2012, 9, 242–247. [PubMed]

26. Sales, L.; Pezuk, J.A.; Borges, K.S.; Brassesco, M.S.; Scrideli, C.A.; Tone, L.G.; dos Santos, M.H.; Ionta, M.;
de Oliveira, J.C. Anticancer activity of 7-epiclusianone, a benzophenone from garcinia brasiliensis,
in glioblastoma. BMC Complement. Altern. Med. 2015, 15, 393. [CrossRef] [PubMed]

27. An, R.B.; Jeong, G.S.; Kim, Y.C. Flavonoids from the Heartwood of Dalbergia odorifera and Their Protective
Effect on Glutamate-Induced Oxidative Injury in HT22 Cells. Chem. Pharm. Bull. 2008, 56, 1722–1724.
[CrossRef] [PubMed]

Sample Availability: Samples of the compounds are available from the authors.

© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/sj.emboj.7601623
http://www.ncbi.nlm.nih.gov/pubmed/17347651
http://dx.doi.org/10.1038/cddis.2013.17
http://www.ncbi.nlm.nih.gov/pubmed/23392177
http://www.ncbi.nlm.nih.gov/pubmed/23691484
http://dx.doi.org/10.1186/s12906-015-0911-1
http://www.ncbi.nlm.nih.gov/pubmed/26518729
http://dx.doi.org/10.1248/cpb.56.1722
http://www.ncbi.nlm.nih.gov/pubmed/19043246
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Cearoin Decreases Cell Viability in SH-SY5Y Neuroblastoma Cells 
	Cearoin Induces ERK Phosphorylation and Autophagy in SH-SY5Y Cells 
	Cearoin Induces Apoptosis in SH-SY5Y Cells 
	Cearoin Increases the Generation of ROS and NO 
	Cearoin-Induced Cell Death is Mediated by ROS Generation 
	ERK Partially Mediates Cearoin-Induced Cell Death 

	Discussion 
	Materials and Methods 
	Materials and Materials 
	Cell Culture 
	MTT Assay 
	Measurement of Intracellular ROS 
	Measurement of NO Production 
	Caspase-3 Activity Assay 
	Western Blot Analysis 
	Statistical Analysis 


