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INTRODUCTION

Colon cancer is the third most common type of cancer in 
the world (Stewart and Wild, 2014). Currently available treat-
ment for colon cancer is a surgical resection combined with 
chemotherapy or radiation therapy, but these are limited by 
their side effects. Although many chemotherapeutic agents 
have been developed, there is still a need to explore potential 
therapeutic agents with advanced efficacy against colorectal 
cancer cells. 

Columbianadin (1-[(8S)-8,9-dihydro-2-oxo-2H-furo[2,3-h]-1- 
benzopyran-8-yl]-1-methylethyl-[(2Z)-2-methylebutenoic acid]
ester, CBN), a coumarin-type compound, is mainly found in 
the root of Angelica decursiva Fr. Et Sav (Umbelliferae) (Lim 
et al., 2014). Although various biological activities of CBN 
have been reported, including calcium-channel blocking activ-
ity (Tammela et al., 2004), cytotoxic activity against various 
cancer cell lines (Yang et al., 2008), analgesic activities (Chen 
et al., 1995), intestinal absorption and transportation (Yang et 
al., 2008), and anti-inflammatory activity (Zhang et al., 2012), 
the anti-cancer activity of CBN and its mechanism of action 
against human colon cancer cells remain to be elucidated.

Apoptosis and necrosis are well-known as mechanisms 

of cancer cell death. Apoptosis is a programmed cell death 
and characterized by the activation of caspases, pseudopod 
retraction, pyknosis, chromatin condensation, nuclear frag-
mentation, and the appearance of apoptotic bodies (Kerr et 
al., 1972). Apoptosis is triggered by either intrinsic or extrin-
sic pathways in response to various stimuli of cell death, and 
it is associated with a specific caspase cascade (Galluzzi L, 
2008). Necrosis is morphologically characterized by the swell-
ing of organelles, increase in cell volume, disruption of the 
plasma membrane, and loss of intracellular contents (Wu et 
al., 2012). In addition, necroptosis, also known as a regulated 
necrosis, is found to be a new mechanism of programmed 
cell death that is quite different from apoptosis. Therefore, 
necroptosis is considered as a new target for cancer cell death 
(Christofferson and Yuan, 2010). Necroptosis has been shown 
to be generally dependent on caspase-8 and receptor inter-
acting protein kinase 3 (RIP-3). RIP-3 is an essential factor 
for necroptosis because RIP-3 is a component of necrosome, 
which is one of the initiators of necroptosis. Necrosome is also 
linked to the production of reactive oxygen species (ROS) 
by RIP-3, which increases mitochondrial ROS production 
through the activation of metabolism-related enzymes (Zhang 
et al., 2009). ROS is able to induce cell death through both 
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including anti-inflammatory and anti-cancer effects. In this study, the anti-proliferative mechanism of actions mediated by CBN 
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apoptosis and necroptosis. 
ROS is termed as an oxidative stress inducer and an im-

portant second messenger in cellular metabolism. Therefore, 
imbalance of redox status is associated with human patho-
genesis including cancers. ROS has a variety of roles in can-
cer cells such as cell survival, proliferation, angiogenesis, and 
metastasis (D'Autréaux and Toledano, 2007; Clerkin et al., 
2008; Ushio-Fukai and Nakamura, 2008). ROS is also consid-
ered as a tumor suppressor (Ramsey and Sharpless, 2006). 
Overproduction of ROS can induce cancer cell death (Ren-
schler, 2004; Toler et al., 2006). Since ROS has two opposite 
functions in cancer therapy both pro- or anti-oxidant therapies 
have been recommended for treatment of cancers (Pelicano 
et al., 2004; Hyoudou et al., 2006; Ozben, 2007; Hyoudou et 
al., 2008). 

ROS mainly consists of a superoxide anion radical (O2
•-), 

a singlet oxygen, hydrogen peroxide (H2O2), and a highly re-
active hydroxyl radical. In ROS generation, superoxide dis-
mutase (SOD), glutathione peroxidase 1 (GPx), catalase, 
thioredoxin (Trx), and peroxiredoxin (Prx) play central roles 
(Ames, 1983; Cerutti, 1985). There are two types of intracel-
lular SOD in mammalian cells. Cu, Zn-SOD (SOD-1) is found 
in the cytoplasm and nucleus, and MnSOD (SOD-2) is located 
in the mitochondrial matrix (Millikin et al., 1991; Church et al., 
1992). SOD is responsible for transformation of superoxide 
anion into hydrogen peroxide. 

The glutathion (GSH) system is comprised of nicotinamide 
adenine dinucleotide phosphate (NADPH), glutathione reduc-
tase (GR) and GSH supported by glutaredoxin. The GSH sys-
tem is regulated by GSH-related enzymes such as GPx, GR 
and glutathione transferase (GST). Hydrogen peroxide can be 
converted into oxygen and water by catalase or reduced into 
water by GPx (Cerutti et al., 1988; Birben et al., 2012). GPx 
is found mainly in the cytosol and mitochondrial matrix, and 
catalase is largely contained in peroxisomes. 

Prx and Trx are composed in the thioredoxin system. An-
tioxidant enzymes play crucial roles in protecting cells from 
oxidative stress (Khan et al., 2010). Therefore, targeting anti-
oxidant enzymatic activities could serve as an important strat-
egy for developing therapeutic agents for cancer treatment. 
In addition, the enhanced understanding of the mechanism 
in drug actions can be achieved by studying the effects of an-
ticancer drugs on the activity and expression level of antioxi-
dant enzymes.

Based on this information, we investigated the cellular 
mechanism of a natural product CBN-mediated cell death in 
terms of ROS in colon cancer cells.

MATERIALS AND METHODS

Materials
Bicinchoninic acid (BCA), trichloroacetic acid (TCA), sul-

forhodamine B (SRB), propidium iodide, RNase A, dimethyl 
sulfoxide (DMSO) and catalase were purchased from Sig-
ma-Aldrich, Inc. (St. Louis, MO, USA). Roswell Park Memo-
rial Institute (RPMI) 1640 medium, Dulbecco Modified Eagle 
Medium (DMEM)/high glucose, Minimum Essential Media 
(MEM), fetal bovine serum (FBS), trypsin-EDTA solution (1X), 
antibiotic-antimycotic solution (100X), and PBS (1X) were pur-
chased from HyClone Laboratories, Inc. (South Logan, UT, 
USA).     Anti-caspase-9, anti-cleaved caspase-9, anti-caspase-3, 

anti-BID, anti-p-p53 (Ser15), anti-Prx1, anti-caspase-8, and an-
ti-cleaved caspase-8 were purchased from Cell Signaling Tech-
nology (Danvers, MA, USA). Anti-cleaved caspase-3, anti-Bax, 
anti-Bcl-2, anti-p53, anti-catalase, anti-SOD-1, anti-SOD-2, 
anti-GPx-1, anti-Trx, anti-PrxI/II, anti-β-actin, and all second-
ary antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Anti-BIM, anti-PARP, anti-cleaved 
PARP, and fluorescein isothiocyanate (FITC) Annexin V apop-
tosis detection kit I were purchased from BD Biosciences (CA, 
USA). Anti-RIP-3 was purchased from Abcam (Cambridge, MA, 
USA). 2′,7′-dichlorodihydrofluorescein diacetate (DCFH2-DA) 
was purchased from Invitrogen (Carlsbad, CA, USA).

Test compound
Columbianadin (CBN, Fig. 1) was isolated from the root of 

Angelica decursiva as described (Lim et al., 2014) and pro-
vided by Dr. Jae-Soo Choi, a co-author, in Pukyung National 
University, Korea. CBN was dissolved in 100% DMSO, and 
stored as stock solution (20 μM) at -20°C until use.

 
Cell cultures

HCT116 (human colorectal cancer cells), A549 (human 
lung cancer cells), SK-HEP-1 (human liver cancer cells), K562 
(human erythroleukemic cells), SNU638 (human gastric can-
cer cells), MDA-MB-231 (human breast cancer cells), HEK293 
(human embryonic kidney cells), and MRC5 (human normal 
lung epithelial cells) were purchased from the American Type 
Culture Collection (Manassas, VA, USA). The cells were cul-
tured in the medium (RPMI 1640 for HCT116, A549, K562, 
and SNU638 cells; DMEM for SK-HEP-1, MDA-MB-231, and 
HEK293 cells; MEM for MRC-5 cells) supplemented with 10% 
FBS and antibiotics-antimycotics (PSA; 100 units/mL penicillin 
G sodium, 100 μg/mL streptomycin, and 250 ng/mL amphoth-
ericin B) in a 37°C humidified incubator with 5% CO2.

Cell proliferation assay
The effect of CBN on the cell proliferation was evaluated 

by SRB cellular protein-staining method (Skehan et al., 1990). 
The cells were seeded in 96-well plates with various concen-
trations of CBN and incubated at 37°C in a humidified incuba-
tor with 5% CO2 for 48 and 72 h. The cells were fixed with 
10% TCA solution for 30 min at 4°C, washed 5 times with tap 
water, and dried in the air. The cells were stained with 0.4% 
SRB in 1% acetic acid solution for 1 h at room temperature. 
After washing out the unbound dye and drying, the stained 
cells were dissolved in 10 mM Tris buffer (pH 10.0), and the 
absorbance was measured at 515 nm. Cell viability was cal-
culated by comparing to the absorbance of the vehicle-treated 
control group. The IC50 values were calculated by non-linear 
regression analysis using the Table Curve 2D v5.01 software 
(Systat Software Inc., Richmond, CA, USA).
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Fig. 1. The chemical structure of CBN.
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Cell cycle analysis
Analysis on the effects of CBN on cell cycle distribution was 

performed by the method previously described (Pozarowski 
and Darzynkiewicz, 2004). The cells were treated with or with-
out CBN for 24 h in 10% FBS-supplemented medium. The 
cells harvested, washed twice, and fixed with 80% cold ethanol 
overnight at -20ºC. The fixed cells were pelleted, washed with 
ice-cold PBS, and resuspended in staining solution containing 
50 μg/mL PI and 100 μg/mL RNase. After 1 h of incubation 
at room temperature in the dark, the fluorescence-activated 
cells were sorted and cellular DNA content was analyzed with 
a FACSCalibur® flow cytometer (BD Biosciences, CA, USA), 
and data were evaluated using CellQuest 3.0.1 software (BD 
Biosciences, CA, USA). The DNA content of 20,000 cells in 
each group was analyzed and the results were demonstrated 
as histograms of DNA content. The distribution of cells in each 
phase of cell cycle was calculated using ModFit LT 2.0 pro-
gram. 

Western blot analysis
Human colon cancer cells exposed with various concentra-

tions of CBN for 48 h were lysed and protein concentrations 
were determined by BCA method. The total proteins (40 μg) 
in each cell lysate were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and electro-
transferred onto polyvinylidene difluoride (PVDF) membranes. 
The membranes were incubated with blocking buffer (5% 
bovine serum albumin (BSA) in TBST) for 1 h at room tem-
perature and then further incubated with specific antibodies 
diluted in 2.5% BSA in TBST overnight at 4°C. After washing 
with TBST, the membranes were incubated with horseradish 
peroxidase (HRP)-conjugated secondary antibodies for 2 h at 
room temperature and visualized by HRP-chemiluminescent 
detection kit (Lab Frontier, Seoul, Korea) using LAS-4000 Im-
ager (Fuji Film Corp., Tokyo, Japan).

Annexin V/PI staining 
Cellular death was evaluated through FITC Annexin V 

apoptosis detection kit (BD Biosciences, CA, USA) as de-
scribed by the manufacture’s instruction. Briefly, HCT116 cells 
were collected 48 h after the CBN treatment, and washed 
twice in cold PBS and then resuspended in 1X binding buffer. 
The cells (100 μL) were transferred to a 5 mL culture tube con-
taining 5 μL of Annexin V-FITC and 5 μL of propidium iodide, 
and then were incubated for 15 min at room temperature in 
the dark. After 1X binding buffer was added into each tube, the 
stained cells were analyzed by FACSCalibur flow cytometer. 
The indicated cell concentrations calculated using CellQuest 
software. Data acquisition was conducted by collecting 20,000 
cells per tube and the numbers of viable and dead cells were 
determined for each experimental condition. 

Measurement of ROS production
Human colon cancer cells were plated in 6-well plates and 

incubated overnight. The cells were then treated with various 
concentrations of CBN or 100 U/mL catalase for 48 h. The 
cellular ROS contents were measured by incubating the cells 
with 5 μM DCFH2-DA for 30 min, followed by a flow cytometry 
using a FACSCalibur flow cytometer at an excitation wave-
length of 485 nm and an emission wavelength of 535 nm.

Statistical analysis 
Data were expressed as the mean ± standard deviation (S.D.). 

Statistical analyses were carried out using the student’s t 
test. Differences were considered statistically significant at 
*p<0.05, **p<0.01.

RESULTS

Growth inhibitory effects of CBN in HCT116 human colon 
cancer cells

In order to investigate the effects of columbianadin (CBN) 
on the growth of human cancer cells, a panel of human solid 
cancer cell lines (A549 lung cancer cells, SK-HEP-1 liver can-
cer cells, K562 erythroleukemic cells, SNU638 gastric cancer 
cells, MDA-MB-231 breast cancer cells, and HCT116 colon 
cancer cells) and normal cell lines (HEK293 embryonic kid-
ney cells and MRC5 normal lung epithelial cells) were treated 
with various concentrations of CBN for 3 days, and the cell 
viabilities were measured by SRB assay. Among the tested 
cell lines, HCT116 colon cancer cell line was found to be the 
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Fig. 2. Growth inhibitory effects of CBN in HCT116 human colon 
cancer cells. (A) Anti-proliferative effects of CBN in HCT116 cells. 
The cells were treated with the indicated concentrations of CBN for 
48 and 72 h. Cell proliferation was measured by SRB assay and 
plotted as a percentage. Data represent the mean ± SD in a trip-
licate test. (B) Morphological changes mediated by the treatment 
of CBN in HCT116 cells. The cells were treated with the indicated 
concentrations of CBN for 48 h. The morphology was observed 
under a phase-contrast microscope (40X).



323

Kang et al.   Induction of Cancer Cell Death by Columbianadin

www.biomolther.org

most sensitive cell line (IC50; 32.4 μM) compared to the other 
cancer cell lines including a normal cell lines (all cell lines, 
IC50; >300 μM) (data not shown). CBN showed the most effec-
tive growth inhibitory activity against human colorectal cancer 
cells. Accordingly, further study was performed using HCT116 
cells to give the detailed growth-inhibitory mechanism of ac-
tion mediated by CBN. As shown in Fig. 2A, the cells treated 
with various concentrations of CBN (0-100 μM) exhibited a 
dose- and time-dependent growth inhibition with an IC50 value 
of 47.2 and 32.4 μM after 48 and 72 h incubation, respectively. 
Morphological changes were examined using a phase-con-
trast microscope. Treatment of various concentrations (12.5, 
25, and 50 μM) of CBN for 48 h in HCT116 cells decreased 
the number of cells and increased the floating cells. Apparent 
morphological changes with round-shape and dying cells were 
also observed at 25 and 50 μM CBN-treated cells (Fig. 2B). 

Cell cycle distribution and expressions of apoptosis-related 
proteins by CBN 

To identify cell death mechanism by CBN, the cell cycle 
distribution was analyzed by a flow cytometer. Although any 
specific cell cycle arrest was not manifested, treating various 
concentrations of CBN (0-50 μM) for 48 h increased the sub-
G1 phase of cells in a concentration-dependent manner. In 
particular, 50 μM CBN greatly elevated the level of the sub-G1 
peak from 3.0 to 20.3% (Fig. 3A). The sub-G1 peak is gen-
erally occurred when cell death is induced by apoptosis or 

necroptosis. These results suggest that the growth-inhibitory 
activity of CBN might be in part related to the induction of cell 
death that is either apoptosis or necroptosis.

To further confirm whether the induction of the sub-G1 peak 
mediated by CBN was related to the expressions of apoptosis-
associated regulatory proteins, Western blot analysis was per-
formed in HCT-116 cells. As shown in Fig. 3B, the expressions 
of cleaved caspase-9 and cleaved caspase-3, Bcl-2-associ-
ated X protein (Bax), and p53 were elevated, but the expres-
sions of B cell lymphoma 2 (Bcl-2), Bim, and BH3 interacting 
death domain (Bid) were down-regulated after the treatment 
of 25 μM CBN, which supports the induction of apoptosis by 
25 μM CBN in HCT-116 cells. 

Despite the fact that cell death was increased after the 
treatment of 50 μM CBN, the most anti-apoptotic markers 
were interestingly down-regulated in comparison with 25 μM 
CBN treated cells. These results indicated that cell death in-
duced by 50 μM CBN is not dependent on apoptotic cell death.

Induction of cell death by CBN with apoptosis and  
necroptosis and expressions of necroptosis associated 
protein RIP-3

To further confirm the cell death mechanism mediated by 
CBN in HCT116 colon cancer cells, the analysis of Annexin 
V/PI staining was performed. The cells treated with 25 μM 
CBN showed increase in population stained with Annexin V+/
PI+, a biomarker of apoptosis. However, the cells stained with 
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Annexin V-/PI+, a biomarker of necroptosis, were increased 
when cells were treated with 50 μM CBN in cultured HCT-
116 cells (Fig. 4A). These results suggest that CBN is able to 
induce cell death with apoptosis at the low concentration of 
25 μM and necroptosis at the high concentration of 50 μM in 
HCT116 cells. 

To unveil the mechanism of CBN-induced necroptosis in 
HCT116 cells, the expressions of necroptosis associated pro-
teins were determined by Western blot analysis. Necrosome 
is considered as one of the initiators of necroptosis and con-
sists receptor interaction protein kinase-3 (RIP-3) and inacti-
vated caspase-8 (Christofferson and Yuan, 2010). Therefore, 
the expressions of RIP-3 and cleaved caspase-8 were ana-
lyzed after the treatment of CBN for 48 h in HCT116 cells. As 
shown in Fig. 4B, the expression of RIP-3 was up-regulated, 
but cleaved caspase-8 was suppressed at the high concen-
tration of 50 μM CBN, which is quite associated with necrop-
totic cell death. The expression of cleaved Poly (ADP-ribose) 
polymerase (PARP), which is activated by both apoptosis 
and necroptosis, was elevated in both 25 and 50 μM CBN-
treated HCT116 cells. These results indicate that the induction 
of necroptotic cell death at the high concentration of 50 μM 
CBN is associated with the up-regulation of RIP-3 and down-
regulation of cleaved caspase-8 in human colon cancer cells.

Accumulation of ROS in CBN-induced HCT116 cancer cell 
death

Evidences suggest that the elevation of reactive oxygen 
species (ROS) production is associated with apoptotic and 
necroptotic cancer cell death by various anticancer agents 
(Morgan et al., 2007). To further investigate whether CBN-in-
duced cell death is mediated with the accumulation of ROS in 
colon cancer cells, the intracellular ROS level was measured 
by a flow cytometry after the treatment of CBN for 48 h. As 
shown in Fig. 5A, CBN increased the accumulation of ROS 
in a concentration-dependent manner. In particular, the ROS 
level was significantly increased from 8.7% in control group to 
62.3% in 50 μM CBN-treated group. The elevated ROS level 
was effectively recovered by the co-treatment of catalase (100 
U/ml), an inhibitor of ROS. Therefore, these results indicate 
that the necroptotic cell death induced by CBN might in part be 
associated with oxidative stress in colon cancer cells. 

The level of ROS production is finely regulated by intra-
cellular antioxidant enzyme systems, and these antioxidant 
enzymes either up-regulate or down-regulate to protect cells 
from the produced ROS. Therefore, we investigated the ex-
pressions of major antioxidant enzymes in the cells after the 
treatment of CBN by Western blot analysis. The expressions 
of catalase and superoxide dismutase-1 (SOD-1) were sup-
pressed by the treatment of 50 μM CBN, but the expressions 
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of superoxide dismutase-2 (SOD-2) and glutathione peroxi-
dase-1 (GPx-1) which are usually located in mitochondrial ma-
trix were activated by CBN treatment as depicted in Fig. 5B. 
In contrast, the expressions of thioredoxin (Trx), peroxiredoxin 
(Prx-1), and peroxiredoxin I/II (Prx I/II) which are components 
of thioredoxin system were not changed by CBN. These data 
demonstrate that the regulation of antioxidant enzymes by 
CBN is independent of thioredoxin system, but is associated 
with SOD-1, SOD-2, GPx, and catalase in HCT116 cells. 

DISCUSSION

Natural products have played important roles in drug devel-
opment and discovery. Also, many anti-cancer agents such as 
camptothecins, etoposide, vinca alkaloids, and taxoids prac-
ticed in clinics are originated from natural products (Mann, 
2002; Szychowski et al., 2014). In this study, we described 
the potential of columbianadin (CBN) as an anti-cancer agent 
and elucidated the underlying mechanism of anti-proliferative 
activity in human colorectal cancer cells. CBN is one of the 
main bioactive compounds isolated from the roots of Angelica 
decursiva, which has been used in Oriental medicine for the 
treatment of asthma, pain, upper respiratory tract infection, 
and cough remedy. Previous studies also revealed that CBN 
has the potential to inhibit the proliferation of HL-60 human 
leukemia cells, KB human nasopharyngeal carcinoma cells, 
and E-J human bladder carcinoma cells in vitro (Yang et al., 
2007). However, an anti-tumor activity of CBN against human 

colon cancer cells has not been reported, and its underlying 
mechanisms of action for the growth-inhibitory activity of can-
cer cells need to be identified. We report for the first time that 
CBN induced cancer cell death with apoptosis and necropto-
sis in human colorectal cancer cells. 

Primarily, we found that CBN-induced cell death of colorec-
tal cancer cells was a dose-dependent dual mode of action 
of, apoptosis and necroptosis. Double staining with Annexin 
V and PI, which is a useful tool for distinguishing between 
necroptosis and apoptosis, exhibited the induction of apopto-
sis (+/-) at the low concentration of 25 μM CBN and necrop-
tosis (+/+) at the high concentration of 50 μM CBN. Loss of 
plasma membrane integrity and constriction of cell morphol-
ogy by the treatment of CBN were also correlated with the 
induction of necroptosis (Fig. 3A).

Recent findings suggest that necroptosis is a new form of 
programmed cell death (regulated necrosis) and thus con-
sidered as a novel target to control the cancer cell growth. 
Indeed, several compounds including cyclosporine A and 
staurosporine induced necroptotic cell death in cancer cells 
(Dunai et al., 2012; Ouyang et al., 2012). A natural compound, 
shikonin was also reported as a necroptosis inducing agent 
in glioma cells (Huang et al., 2013). One plausible mecha-
nism of necroptosis is associated with the modulation of RIP-1 
and RIP-3. RIP-3 is important for necroptosis because RIP-3 
is modulated by the caspase-8-FLIP complex (Oberst et al., 
2011). Recent report also suggests necroptosis can be modu-
lated by RIP-3 in RIP-1 independent manner (Upton et al., 
2012). In this study, we found that the induction of necropto-
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Fig. 5. Accumulation of ROS in CBN-induced HCT116 cells. (A) Effect of CBN on ROS accumulation and the protective effect of catalase in 
HCT116 cells. The cells were treated with or without the indicated concentration of CBN or 100 U/mL catalase for 48 h, and the level of in-
tracellular ROS was measured as described in Materials and Methods. ROS levels were estimated by measuring mean fluorescence inten-
sity (MFI). (B) Effects of CBN on the expressions of antioxidant enzymes in HCT116 cells. The cells were treated for 48 h with the indicated 
concentrations of CBN and the protein expressions were measured by Western blot analysis.
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sis by CBN was more correlated with the activation of RIP-3 
compared to that of RIP-1, and down-regulation of caspase-8 
cleavage (Fig. 4C). 

Accumulation of ROS was found to be dose-dependent 
in CBN-treated cells, which can trigger cell death in cancer 
cells. Generally, the ROS level is higher in cancer cells than in 
normal cells. However, an irreversible oxidative stress caused 
by the ROS overproduction can effectively kills cancer cells 
(Kong and Lillehei, 1998). The induction of apoptosis through 
both receptor and mitochondria is highly associated with ROS 
(Ozben, 2007). When apoptosis occurs through a receptor, 
Fas ligand (FasL) triggers ROS formation that is primarily 
derived from NADPH oxidase. FasL-mediated ROS induces 
the ubiquitination and degradation by proteasome of FLICE-
like inhibitory protein (FLIP) for activating Fas which recruit 
the Fas-associated death domain (FADD) and caspase-8 and 
subsequently induce apoptosis (Denning et al., 2002; Uchiku-
ra et al., 2004; Medan et al., 2005; Reinehr et al., 2005; Wang 
et al., 2007). Mitochondria-mediated apoptosis is commonly 
provides an opening of permeability transition (PT) pore com-
plex that leads to cytochrome c release, apoptosome forma-
tion, and caspases activation. 

Necrotic cell death is associated with ROS from both mito-
chondria and NADPH oxidase derived-ROS. The accumula-
tion of ROS is induced by RIP, TNF receptor associated fac-
tor 2 (TRAF2) and Fas-associated protein with death domain 
(FADD) in tumor necrosis factors (TNF)-induced necrotic cell 
death (Jacob et al., 2005; Kim et al., 2007). Recent report 
suggests RIP-3/mixed lineage kinase domain-like (MLKL)-de-
pendent pathway is a mechanism of regulated necrosis, and 
FADD, RIP-1, RIP-3, inactive caspase-8 and TNF receptor-
associated death domain (TRADD) complex is named necro-
some (Vandenabeele et al., 2010). The formation of necro-
some initiated by RIP-3 causes accumulation of ROS level 
(Fiers et al., 1999). In this study, we found that the induction 
of oxidative stress by CBN might be also correlated with the 
induction of apoptosis and necroptosis in HCT-116 colon can-
cer cells.

In addition, cellular ROS levels are in part regulated by cel-
lular antioxidant enzymes. Therefore, the levels of antioxidant 
enzymes were determined after the treatment of CBN in hu-
man colon cancer cells. CBN down-regulates the expressions 
of catalase and SOD-1 and up-regulates the expression of 
SOD-2 and GPx-1 after the treatment of 50 μM CBN. Howev-
er, the Trx and Prx systems were unaffected by CBN. Although 
the expression of GPx and SOD-2 were increased, the overall 
imbalance of antioxidant enzymes caused by CBN may leads 
to ROS accumulation and subsequently induces cancer cell 
death. Additional study about the upstream of necroptotic sig-
naling pathway mediated by CBN will be needed to further 
develop our findings. 

In conclusion, our data demonstrated that CBN causes cell 
death in HCT116 human colon cancer cells by inducing apop-
tosis at the low concentrations and necroptosis at the high 
concentration. Moreover, oxidative stress mediated by CBN 
in part activated apoptosis and necroptosis. Accordingly, CBN 
can potentially be a natural source-derived drug to treat colon 
cancer that modulates ROS through the imbalance of cellular 
antioxidant enzymes.

ACKNOWLEDGMENTS

This study was supported by Basic Science Research Pro-
gram through the National Research Foundation of Korea 
(NRF) funded by the Ministry of Education, Science and Tech-
nology (2013R1A1A2012389 and No. 20100024361).

REFERENCES

Ames, B. N. (1983) Dietary carcinogens and anticarcinogens. Oxygen 
radicals and degenerative diseases. Science 221, 1256-1264.

Birben, E., Sahiner, U. M., Sackesen, C., Erzurum, S. and Kalayci, 
O. (2012) Oxidative stress and antioxidant defense. World Allergy 
Organ. J. 5, 9-19.

Cerutti, P., Krupitza, G., Larsson, R., Muehlematter, D., Crawford, D. 
and Amstad, P. (1988) Physiological and pathologic effects of oxi-
dants in mouse epidermal cells. Ann. N. Y. Acad. Sci. 551, 75-81.

Cerutti, P. A. (1985) Prooxidant states and tumor promotion. Science 
227, 375-381.

Chen, Y. F., Tsai, H. Y. and Wu, T. S. (1995) Anti-inflammatory and 
analgesic activities from roots of Angelica pubescens. Planta Med. 
61, 2-8.

Christofferson, D. E. and Yuan, J. (2010) Necroptosis as an alternative 
form of programmed cell death. Curr. Opin. Cell Biol. 22, 263-268.

Church, S. L., Grant, J. W., Meese, E. U. and Trent, J. M. (1992) Su-
blocalization of the gene encoding manganese superoxide dis-
mutase (MnSOD/SOD2) to 6q25 by fluorescence in situ hybridiza-
tion and somatic cell hybrid mapping. Genomics 14, 823-825.

Clerkin, J. S., Naughton, R., Quiney, C. and Cotter, T. G. (2008) Mech-
anisms of ROS modulated cell survival during carcinogenesis. 
Cancer Lett. 266, 30-36.

D'Autréaux, B. and Toledano, M. B. (2007) ROS as signalling mol-
ecules: mechanisms that generate specificity in ROS homeostasis. 
Nat. Rev. Mol. Cell Biol. 8, 813-824.

Denning, T. L., Takaishi, H., Crowe, S. E., Boldogh, I., Jevnikar, A. and 
Ernst, P. B. (2002) Oxidative stress induces the expression of Fas 
and Fas ligand and apoptosis in murine intestinal epithelial cells. 
Free Radic. Biol. Med. 33, 1641-1650.

Dunai, Z. A., Imre, G., Barna, G., Korcsmaros, T., Petak, I., Bauer, 
P. I. and Mihalik, R. (2012) Staurosporine induces necroptotic cell 
death under caspase-compromised conditions in U937 cells. PLoS 
ONE 7, e41945.

Fiers, W., Beyaert, R., Declercq, W. and Vandenabeele, P. (1999) 
More than one way to die: apoptosis, necrosis and reactive oxygen 
damage. Oncogene 18, 7719-7730.

Galluzzi, L., Joza, N., Tasdemir, E., Maiuri, M. C., Hengartner, M., 
Abrams, J. M., Tavernarakis, N., Penninger, J., Madeo, F. and Kro-
emer, G. (2008) No death without life: vital functions of apoptotic 
effectors. Cell Death Differ. 15, 1113-1123.

Huang, C., Luo, Y., Zhao, J., Yang, F., Zhao, H., Fan, W. and Ge, P. 
(2013) Shikonin kills glioma cells through necroptosis mediated by 
RIP-1. PLoS ONE 8, e66326.

Hyoudou, K., Nishikawa, M., Kobayashi, Y., Umeyama, Y., Yamashita, 
F. and Hashida, M. (2006) PEGylated catalase prevents metastatic 
tumor growth aggravated by tumor removal. Free Radic. Biol. Med. 
41, 1449-1458.

Hyoudou, K., Nishikawa, M., Kobayashi, Y., Ikemura, M., Yamashita, 
F. and Hashida, M. (2008) SOD derivatives prevent metastatic tu-
mor growth aggravated by tumor removal. Clin. Exp. Metastasis 
25, 531-536.

Jacob, C., Cottrell, G. S., Gehringer, D., Schmidlin, F., Grady, E. F. and 
Bunnett, N. W. (2005) c-Cbl mediates ubiquitination, degradation, 
and down-regulation of human protease-activated receptor 2. J. 
Biol. Chem. 280, 16076-16087.

Kerr, J. F., Wyllie, A. H. and Currie, A. R. (1972) Apoptosis: a basic 
biological phenomenon with wide-ranging implications in tissue ki-
netics. Br. J. Cancer 26, 239-257.

Khan, M. A., Tania, M., Zhang, D. Z. and Chen, H. C. (2010) Anti-
oxidant enzymes and cancer. Chin. J. Cancer Res. 22, 87-92.



327

Kang et al.   Induction of Cancer Cell Death by Columbianadin

www.biomolther.org

Kim, Y. S., Morgan, M. J., Choksi, S. and Liu, Z. G. (2007) TNF-in-
duced activation of the Nox1 NADPH oxidase and its role in the 
induction of necrotic cell death. Mol. Cell 26, 675-687.

Kong, Q. and Lillehei, K. O. (1998) Antioxidant inhibitors for cancer 
therapy. Med. Hypotheses 51, 405-409.

Lim, H. J., Lee, J. H., Choi, J. S., Lee, S. K., Kim, Y. S. and Kim, H. 
P. (2014) Inhibition of airway inflammation by the roots of Angelica 
decursiva and its constituent, columbianadin. J. Ethnopharmacol. 
155, 1353-1361.

Mann, J. (2002) Natural products in cancer chemotherapy: past, pres-
ent and future. Nat. Rev. Cancer 2, 143-148.

Medan, D., Wang, L., Toledo, D., Lu, B., Stehlik, C., Jiang, B. H., Shi, 
X. and Rojanasakul, Y. (2005) Regulation of Fas (CD95)-induced 
apoptotic and necrotic cell death by reactive oxygen species in 
macrophages. J. Cell. Physiol. 203, 78-84.

Millikin, D., Meese, E., Vogelstein, B., Witkowski, C. and Trent, J. 
(1991) Loss of heterozygosity for loci on the long arm of chromo-
some 6 in human malignant melanoma. Cancer Res. 51, 5449-
5453.

Morgan, M. J., Kim, Y. S. and Liu, Z. (2007) Lipid rafts and oxidative 
stress-induced cell death. Antioxid. Redox Signal. 9, 1471-1483.

Oberst, A., Dillon, C. P., Weinlich, R., McCormick, L. L., Fitzgerald, 
P., Pop, C., Hakem, R., Salvesen, G. S. and Green, D. R. (2011) 
Catalytic activity of the caspase-8-FLIP(L) complex inhibits RIPK3-
dependent necrosis. Nature 471, 363-367.

Ouyang, Z., Zhu, S., Jin, J., Li, J., Qiu, Y., Huang, M. and Huang, Z. 
(2012) Necroptosis contributes to the cyclosporin A-induced cyto-
toxicity in NRK-52E cells. Pharmazie 67, 725-732.

Ozben, T. (2007) Oxidative stress and apoptosis: impact on cancer 
therapy. J. Pharm. Sci. 96, 2181-2196.

Pelicano, H., Carney, D. and Huang, P. (2004) ROS stress in cancer 
cells and therapeutic implications. Drug Resist. Updat. 7, 97-110.

Pozarowski, P. and Darzynkiewicz, Z. (2004) Analysis of cell cycle by 
flow cytometry. Methods Mol. Biol. 281, 301-311.

Ramsey, M. R. and Sharpless, N. E. (2006) ROS as a tumour suppres-
sor? Nat. Cell Biol. 8, 1213-1215.

Reinehr, R., Becker, S., Eberle, A., Grether-Beck, S. and Häussinger, 
D. (2005) Involvement of NADPH oxidase isoforms and Src family 
kinases in CD95-dependent hepatocyte apoptosis. J. Biol. Chem. 
280, 27179-27194.

Renschler, M. F. (2004) The emerging role of reactive oxygen species 
in cancer therapy. Eur. J. Cancer 40, 1934-1940.

Skehan, P., Storeng, R., Scudiero, D., Monks, A., McMahon, J., Vis-
tica, D., Warren, J. T., Bokesch, H., Kenney, S. and Boyd, M. R. 
(1990) New colorimetric cytotoxicity assay for anticancer-drug 
screening. J. Natl. Cancer Inst. 82, 1107-1112.

Stewart, B. W. and Wild, C. P. (2014) World cancer report 2014. Inter-
national Agency for Research on Cancer, World Health Organiza-

tion.
Szychowski, J., Truchon, J. F. and Bennani, Y. L. (2014) Natural Prod-

ucts in Medicine: Transformational Outcome of Synthetic Chemis-
try. J. Med. Chem. 57, 9292-9308.

Tammela, P., Wennberg, T., Vuorela, H. and Vuorela, P. (2004) HPLC 
micro-fractionation coupled to a cell-based assay for automated 
on-line primary screening of calcium antagonistic components in 
plant extracts. Anal. Bioanal. Chem. 380, 614-618.

Toler, S. M., Noe, D. and Sharma, A. (2006) Selective enhancement of 
cellular oxidative stress by chloroquine: implications for the treat-
ment of glioblastoma multiforme. Neurosurg. Focus 21, E10.

Uchikura, K., Wada, T., Hoshino, S., Nagakawa, Y., Aiko, T., Bulkley, G. 
B., Klein, A. S. and Sun, Z. (2004) Lipopolysaccharides induced in-
creases in Fas ligand expression by Kupffer cells via mechanisms 
dependent on reactive oxygen species. Am. J. Physiol. Gastroin-
test. Liver Physiol. 287, G620-G626.

Upton, J. W., Kaiser, W. J. and Mocarski, E. S. (2012) DAI/ZBP1/DLM-
1 complexes with RIP3 to mediate virus-induced programmed ne-
crosis that is targeted by murine cytomegalovirus vIRA. Cell Host 
Microbe. 11, 290-297.

Ushio-Fukai, M. and Nakamura, Y. (2008) Reactive oxygen species 
and angiogenesis: NADPH oxidase as target for cancer therapy. 
Cancer Lett. 266, 37-52.

Vandenabeele, P., Galluzzi, L., Vanden Berghe, T. and Kroemer, G. 
(2010) Molecular mechanisms of necroptosis: an ordered cellular 
explosion. Nat. Rev. Mol. Cell Biol. 11, 700-714.

Wang, X. F., Zhang, J. S. and Xu, T. W. (2007) Cyclophosphamide as 
a potent inhibitor of tumor thioredoxin reductase in vivo. Toxicol. 
Appl. Pharmacol. 218, 88-95.

Wu, W., Liu, P. and Li, J. (2012) Necroptosis: an emerging form of 
programmed cell death. Crit. Rev. Oncol. Hematol. 82, 249-258.

Yang, X. W., Guo, Q. M. and Wang, Y. (2008) Absorption and transport 
of 6 coumarins  isolated from the roots of Angelica pubescens f. 
biserrata in human Caco-2 cell  monolayer model. Zhong Xi Yi Jie 
He Xue Bao. 6, 392-398.

Yang, X. W., Xu, B., Ran, F. X., Wang, R. Q., Wu, J. and Cui, J. R. 
(2007) Inhibitory effects of 11 coumarin compounds against growth 
of human bladder carcinoma cell line E-J in vitro. Zhong Xi Yi Jie 
He Xue Bao 5, 56-60.

Zhang, D. W., Shao, J., Lin, J., Zhang, N., Lu, B. J., Lin, S. C., Dong, 
M. Q. and Han, J. (2009) RIP3, an energy metabolism regulator 
that switches TNF-induced cell death from apoptosis to necrosis. 
Science 325, 332-336.

Zhang, Y. B., Li, W. and Yang, X. W. (2012) Biotransformation of co-
lumbianadin by rat hepatic microsomes and inhibition of biotrans-
formation products on NO production in RAW 264.7 cells in vitro. 
Phytochemistry 81, 109-116.


