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Abstract

Backgrounds Arctigenin derived from the seeds of Arctium lappa Linnaeus is known as an anticancer drug candidate by
targeting various pathways involved in anticancer therapy.

Methods Using 2D monolayer and 3D spheroid culture systems in nasal septum carcinoma RPMI-2650 cells, the effects of
arctigenin and dexamethasone on cell viability, ROS levels, ATP level, mitochondrial function, apoptosis and necroptosis
were examined.

Results The combination treatment of both compounds induced strong cytotoxicity, accompanied by increases of sub-G,/
G, peak, annexin V-PE-positive cells, and ROS levels, loss of mitochondrial membrane potential, and decrease of cellular
ATP content. These changes were observed as simultaneous induction of DNA damage, apoptosis, and necroptosis. A series
of changes by arctigenin and dexamethasone were efficiently restored by decreasing ROS levels or supplementing ATP.
Treatment of 3D spheroids with arctigenin and dexamethasone decreased cell viability in the spheroids, but it was slightly
resistant than cells under 2D conditions. In addition, this phenomenon was accompanied by an increase in mediators for
both apoptosis and necroptosis.

Conclusion Results of this study suggest that the apoptosis and necroptosis-inducing effects of arctigenin are associated with
ATP depletion due to oxidative mitochondrial dysfunction.
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Introduction

Cancers of the nasal cavity are extremely uncommon neo-
plasms, comprising < 1% of all head and neck cancers (Allen
et al. 2008). Among these, malignancies of the nasal sep-
tum are rare, accounting for about 9% of all cancers in the
nasal cavity (Fradis et al. 1993). These tumors are consid-
ered fatal if they are not diagnosed or treated early (McGuirt
and Thompson 1984). The standard treatment for these
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carcinomas often involves surgical resection followed by
postoperative radiotherapy with or without chemotherapy.
Cyclophosphamide, vincristine, cisplatin, and doxorubicin
are the most used drugs in the treatment of cancers of the
nasal cavity. Many researchers have attempted to discover
new therapies for controlling nasal septum carcinoma.

The use of dietary phytochemicals as adjuvants has been
shown to play a role in improving the efficacy of chemo-
therapeutic drugs due to their multitargeted properties and
low toxicity to normal tissues (Davatgaran-Taghipour et al.
2017). Among these, arctigenin (ATG), a dibenzylbutyro-
lactone lignin extracted from the seeds of Arctium lappa,
has shown anticancer activity against various cancers (Li
et al. 2016; Feng et al. 2017; Xu et al. 2017). ATG can
induce cell cycle arrest and mitochondrial caspase-inde-
pendent apoptosis by increasing ROS (Li et al. 2016). It
can also inhibit the growth of MDA-MB-231 breast cancer
xenograft tumors without causing obvious toxic side effects
(Feng et al. 2017). In addition, ATG suppresses migration
and invasion of cancer cells by inhibiting TGF-f-induced
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epithelial-mesenchymal transition (Xu et al. 2017). Moreo-
ver, ATG can inhibit complex I in the mitochondrial respira-
tion chain, resulting in the induction of preferential necro-
sis of glucose-starved A549 tumor cells (Gu et al. 2012).
Recently, several groups have conducted phase I trials of
ATG as an inhibitor of mitochondrial complex I in patients
with gemcitabine-refractory pancreatic cancer and shown
the possibility of its clinical application due to high bioavail-
ability, good safety profile, and promising chemotherapeutic
responses (Fujioka et al. 2018; Ikeda et al. 2016). Although
ATG might have potential benefits in the treatment of a vari-
ety of cancers, the anticancer activity of ATG on nasal sep-
tum carcinoma cells has not been established yet.

Glucocorticoids can regulate biological processes such as
cell proliferation, differentiation, development and inflam-
mation (Dorscheid et al. 2001). They are known to be able
to decrease symptoms associated with cancer treatment such
as edema, inflammation, pain, lack of appetite, and electro-
lyte imbalance in many clinical situations (Ioannidis et al.
2000). Dexamethasone (DMS), a synthetic glucocorticoid,
can prevent growth of many types of tumor cells, including
hepatoma (Li et al. 2010), osteosarcoma (Yamamoto et al.
2002), lung cancer (Greenberg et al. 2002), and breast cancer
cells (Wang et al. 2007). Dorscheid et al. have reported that
DMS can induce apoptosis of airway epithelium in experi-
ments using primary and immortalized cell lines (Dorscheid
et al. 2001). Although apoptosis has been shown to be an
important mechanism involved in the effect of glucocor-
ticoid treatment, cellular responses and molecular events
induced by this drug remain unclear.

Necroptosis is a type of programmed necrosis caused by
the sequential activation of a series of signals. It is initiated
by the formation of the necrosome through the interaction
of receptor-interacting protein (RIP) 1 and RIP3. RIP3, acti-
vated by RIP1 in the necrosome, then phosphorylates and
activates the mixed lineage kinase domain-like (MLKL) pro-
tein responsible for necroptosis (Qin et al. 2019). Although
the complete mechanism underlying necroptosis is not com-
pletely understood yet, mitochondrial dysfunction is known
to play a role in inducing necroptosis (Zhu et al. 2018). In
this process, high level of reactive oxygen species (ROS) has
been implicated in the execution of necroptosis. Necroptosis
contributes to cancer cell death induced by chemotherapeu-
tic agents in apoptosis-resistant tumors. Therapeutic strate-
gies to induce necroptosis in cancer cells have shown great
potential in chemotherapy.

The objective of this study was to investigate cytotoxic
effects of ATG and DMS, either alone or in combination,
on nasal septum carcinoma cells and examine expression
levels of biochemical marker proteins related to apopto-
sis, necroptosis, and DNA damage. Our results provide
evidence that combination treatment with both ATG and
DMS (ATG/DMS) simultaneously can induce apoptosis and
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necroptosis by ATP depletion due to oxidative mitochondrial
dysfunction.

Materials and methods
Cell culture

The human nasal septum carcinoma cell line RPMI-2650
was purchased from the American Type Culture Collection
(ATCC, Manassas, USA). The cells were grown to 70%
confluence in EMEM (ATCC) supplemented with 10% fetal
bovine serum, 1 mM glutamine, 100 units of penicillin/mL
and 100 pg of streptomycin/mL before treatment.

MTT assay

For cell viability analysis, approximately 5x 10° cells per
well were seeded in 96-well culture plates and maintained
in EMEM (Welgene, Korea) containing vehicle (0.1%
dimethylsulfoxide), ATG and/or DMS for the indicated time,
and then exposed to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (Sigma-Aldrich, Germany) for 4 h at
37 °C. Absorbance values were measured at 540 nm using
a GloMax-Multi Microplate Multimode Reader (Promega
Corporation, USA). Percentage of viable cells was deter-
mined by comparison with the results of vehicle-treated con-
trol cells (100%) for each treatment and time point.

Spheroid culture and viability assay

The cells were seeded in Ultra-Low attachment 96-well
plate at a density of 10* cells per well, after which the plates
were centrifuged at 1000 rpm for 10 min to facilitate clus-
tering of the cells into the wells, as described by Chambers
et al. (Chambers et al. 2014), and maintained in the com-
plete EMEM. Spheroids were treated with ATG for 48 h.
Phase contrast images were taken using a Leica inverted
microscope. Spheroid viability was determined using the
Enhanced cell viability assay kit (CellVia, Seoul, Korea),
according to the manufacturer’s instructions. After treat-
ment, 10 uLL of Cellvia solution was added per well, incu-
bated at 37 °C for 1 h, and mixed by shaking for 1 min.
Formazan formed in living cells was measured with a spec-
trophotometer at 450 nm in a GloMax-Multi Microplate
Multimode Reader (Promega Corporation).

Spheroid staining

Cells were incubated with fluorescein diacetate (FDA,
5 pug/mL) and propidum iodide (PI, 10 ug/mL) for 5 min in
the dark to stain live and dead cells, respectively. In vital-
ity staining of spheroids, FDA is converted to the green
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fluorescent metabolite in live cells, whereas PI binds to
DNA by passing through disordered areas of dead-cell mem-
branes. Spheroids were imaged using a Leica EL6000 fluo-
rescence microscope and LAS version 4.3 software (Leica
Microsystems Inc., IL, USA).

Cell cycle analysis

Percentages of cells in each phase in the cell cycle were
determined by quantification of DNA content in cells stained
with PI. Trypsinized cells (10° cells/mL) were then pelleted
using centrifugation at 500xg for 7 min at 4 °C, fixed over-
night in 70% ice-cold ethanol at — 20 °C, and incubated with
the Muse™ cell cycle reagent (Merck Millipore, USA). Data
for 10* single-cell events were analyzed using MACSQuant
Analyzer and MACSQuantify™ version 2.5 software (Milte-
nyiBiotec GmbH, Germany).

Annexin V-PE binding assay

The distribution of apoptotic-cells was determined using
the Muse™Annexin V & Dead cell assay kit (MCH100105;
Merck KGaA). The kit contains phycoerythrin (PE), a flu-
orescent-dye that is conjugated to the annexin V to detect
phosphatidylserine on the outer layer of apoptotic cell mem-
brane, and 7-amino-actinomycin D (7-AAD), a dead-cell
marker. Briefly, 10° cells per well were seeded in 6-well
culture plates and treated with ATG alone or in combination
with DMS for the indicated time at 37 °C in EMEM. Cells
were then trypsinized, collected on culture media mixed
with the Muse™Annexin V & Dead-Cell reagent, and ana-
lyzed using the Muse™ Cell Analyzer (Merck KgaA).

Western blot analysis

Total cell lysates were extracted with a 1 X RIPA buffer.
Cell lysates containing 40 pg of protein were separated on a
4-12% NuPAGE gel (Thermo Fisher Scientific, Inc., USA)
and transferred to a polyvinylidene fluoride membrane (GE
Healthcare Life science, Germany). The blots were probed
with primary and secondary antibodies coupled to horse-
radish-peroxidase (HRP) for protein detection. The anti-
gen—antibody complex was visualized using the enhanced
chemiluminescence (ECL, Cyanagen Srl, Italy) detection kit
and X-ray film. The membrane was stripped using stripping
buffer [100 mM B-mercaptoethanol, 2% sodium dodecyl
sulfate, and 62.5 mM Tris—HCI at pH of 6.7] and reprobed
with anti-B-actin antibody (Sigma-Aldrich) that served as
the loading control. Primary Antibodies (MLKL, p-MLKL,
RIP3, p—RIP3, p_ATMSer1981’ p_ATRSer428’ p—CHKlser345,
p-CHK2™8 1 histone H2A.X, BAX, Bcl-2, caspase-3, and

cleaved caspase-3) for Western blot analysis were purchased
from Cell Signaling Technology, Inc. (Danvers, USA).

Measurement of intracellular ROS

The level of reactive oxygen species (ROS) was determined
by measuring the fluorescence intensity of 2',7'-dichloro-
dihydrofluorescein diacetate (DCF-DA, Sigma-Aldrich).
Briefly, 10° cells per well were seeded in 6-well culture
plate and pretreated with 5 mM N-acetylcysteine (NAC) for
2 h at 37 °C prior to treatment with ATG alone or in com-
bination with DMS for an additional 48 h. After cells were
trypsinized, they were harvested by centrifugation at 500xg
for 7 min and resuspended in serum-free EMEM containing
10 uM DCF-DA for 30 min at 37 °C in the dark. Cells were
then washed twice with 1 XPBS and immediately analyzed
using MACSQuant Analyzer flow cytometer and MACS-
Quantify™ software version 2.5 (MiltenyiBiotec GmbH).
Fluorescence intensities were detected using a 530 nm band-
pass filter, and each measurement was based on an average
fluorescence intensity of 10,000 cells.

Measurement of mitochondrial membrane potential

Approximately 5x 10* cells per well were seeded in 6-well
culture plates and pretreated with 5 mM NAC for 2 h at
37 °C prior to treatment with ATG alone or in combina-
tion with DMS for 48 h. After cells were trypsinized, they
were harvested by centrifugation at 500xg for 7 min at 4 °C,
washed twice with 1 X PBS, and stained with serum-free
EMEM containing Rhodamine 123 (final concentration,
30 nM) for 30 min at 37 °C. Following incubation, cells were
washed twice with 1 X PBS and resuspended in 1xPBS.
Fluorescence intensities were measured and analyzed using
MACSQuant analyzer flow cytometer and MACSQuantify™
software version 2.5 (MiltenyiBiotec GmbH).

Measurement of ATP content

Cellular ATP levels were measured using the CellTiter-Glo-
luminiscent cell viability assay kit (Promega Corporation).
Briefly, 5x 10 cells per well were seeded in 96-well culture
plates and pretreated with 5 mM NAC for 2 h at 37 °C prior
to treatment with ATG/DMS for an additional 48 h. After
incubation, the CellTiter-Glo reagent (100 pL/well) was
added to the cell culture, placed in a shaker for 2 min, and
incubated at room temperature for 10 min to induce com-
plete lysis. Luminescence values were measured using the
GloMax-Multi Microplate Multimode Reader (Promega).
Data were determined by comparison with the results of
vehicle-treated control cells (100%) for each treatment and
time point.
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Statistical analysis

Statistical comparisons were performed using a one-way
analysis of variance, followed by Tukey’s post hoc correc-
tion for multiple comparisons using the SPSS version 17.0
software package (SPSS, Inc., USA). Data are expressed
as mean =+ standard deviation (S. D.) for three independent
experiments. *P < (.05 was considered statistically signifi-
cant compared with each control group.

Results

Arctigenin or dexamethasone inhibits the viability
of RPMI-2650 cells

Nasal septum carcinoma cells, RPMI-2650, were treated
with various concentrations of ATG or DMS for 24, 48, and

72 hto evaluate the effects of these two compounds on cell
viability. Decrease in cell viability by treatment with ATG
or DMS alone was concentration and time dependent. At the
same indicated concentrations, the survival curves of cells
treated with ATG showed a steeper trend than those treated
with DMS (Fig. 1a). Based on the results of cell viability,
concentrations that resulted in cell viability of 75% or more
at 48 h treatment (5 pM for ATG and 12.5 pM for DMS)
were used in the subsequent experiments. Flow cytomet-
ric analysis with PI staining was performed to determine
whether ATG or DMS could induce cell death. As shown in
Fig. 1b, ATG or DMS alone induced an increase in the sub-
Gy/G, peak of the cell cycle, indicating cell death. In dou-
ble staining with annexin V-PE and 7-AAD, ATG or DMS
induced a clear reduction in annexin V-PE-negative/7-AAD-
negative (viable) cells, but a significant increase in annexin
V-PE-positive/7-AAD-negative (apoptosis) cells or annexin
V-PE-positive/7-AAD-positive (necrosis) cells (Fig. 1c).
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Fig.1 Effects of arctigenin or dexamethasone on cell growth in
RPMI-2650 cells. a Cells were treated with increasing concentration
of ATG (0, 1.25, 2.5, 5, 10 and 20 uM) or DMS (0, 6.25, 12,5, 25,
50, and 100 pM) for 24 h, 48 h, and 72 h. The percentage of viable
cells was measured by MTT assay. (b and c¢) Cells were treated with
indicated concentrations of ATG or DMS for 48 h. Cell cycle analysis
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was performed after staining cells with propidium iodide (b). Apop-
totic cell fraction was analyzed using annexin V-PE binding assay (c).
Error bars represent the mean + SD of three independent experiments.
ATG arctigenin, DMS dexamethasone; 7-AAD 7-amino-actinomycin
D. *P <0.05 compared with non-treatment controls
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Next, we investigated whether cell death induced by
ATG or DMS was accompanied by an increase in cellu-
lar ROS levels. Flow cytometry showed a clear increase in
intracellular ROS levels after treatment ATG or DMS in
a dose-dependent manner (Fig. 2a). ROS is known to be
mainly produced in mitochondria. Thus, we analyzed the
integrity of mitochondrial function with a flow cytometry
using rhodamine-123, a fluorescent dye. Results showed that
ATG or DMS induced a concentration-dependent loss of
mitochondrial membrane potential (A¥Ym). Treatment with
ATG (5 pM) or DMS (12.5 pM) alone resulted in a signifi-
cant reduction in fluorescence intensity (by approximately
23.15% and 18.16%, respectively) compared to non-treat-
ment control (Fig. 2b). To investigate cytotoxic effects of
ATG or DMS on apoptosis and/or necroptosis, expression
levels of apoptosis- and necroptosis-related proteins were
examined by Western blotting. As shown in Fig. 2c, ATG or
DMS alone induced increased levels of proapoptotic proteins
such as Bax and cleaved caspase-3, and decreased levels
of antiapoptotic protein Bcl-2. In addition, ATG or DMS
increased the levels of necroptosis markers p-RIP3 and its
downstream target p-MLKL, although their intensities were
much stronger in cells treated with ATG than those in DMS-
treated cells.
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Fig.2 Effects of arctigenin or dexamethasone on ROS and mito-
chondrial function in RPMI-2650 cells. Cells were treated with indi-
cated concentration of ATG or DMS for 48 h. a Cellular ROS levels
were measured after staining cells with DCF-DA (10 uM). b A¥Ym
was measured after staining cells with 30 nM of Rhodaminel23. ¢
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Arctigenin alone or in combination
with dexamethasone simultaneously induces
apoptosis and necroptosis

The sensitivity of RPMI-2650 cells to ATG/DMS was inves-
tigated using MTT assay following treatment with these
compounds for 24, 48, and 72 h. Exposure of cells to 5 pM
ATG and 12.5 pM DMS in combination for 48 h resulted in
a significant decrease in cell viability (58.3%) compared to
ATG (76.5%) or DMS (88.2%) alone (Fig. 3a). In addition,
ATG/DMS increased the levels of apoptosis- or necroptosis-
related proteins more than ATG or DMS alone (Fig. 3b). To
further confirm that ATG/DMS could concurrently changes
levels of apoptosis- or necroptosis-related proteins, prior
to ATG/DMS treatment cells were pretreated with Q-VD-
Oph-1 as a pan-caspase inhibitor for apoptosis or necrosta-
tin-1 as a RIP1 inhibitor for necroptosis. Pretreatment with
inhibitors for 48 h resulted in decreased levels of cleaved
caspase-3, p-RIP3, and p-MLKL (Fig. 3c) with recovery of
cell viability (Fig. 3d) compared to combination treatment
of the two compounds. Interestingly, addition of ATP effec-
tively reversed the levels of cleaved caspase-3, p-RIP3, and
p-MLKL as well as the decrease in cell viability by ATG/
DMS. This suggests that ATG/DMS targets mitochondria as
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Levels of apoptosis- and necroptosis-related proteins were measured
by Western blotting. Error bars represent the mean+SD of three
independent experiments. ATG arctigenin, DMS dexamethasone.
*P <0.05 compared with non-treatment controls
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Fig.3 Effects of the combination treatment of arctigenin and dexa-
methasone on cell viability and cell death in RPMI-2650 cells. a
Cells were treated with ATG (5 pM) and DMS (12.5 pM), alone or
in combination, for the indicated times. The percentage of viable
cells was measured by MTT assay. b Cells were treated with ATG
(5 pM) and DMS (12.5 pM) alone or in combination for 48 h. Lev-
els of apoptosis- and necroptosis-related proteins were measured
by Western blotting. c—e Cells were pretreated with necrostatin-1
(25 pM), Q-VD-Oph-1 (10 pM), and ATP (1 mM) 2 h prior to com-

the cell’s supply of ATP. Next, we evaluated if ATP metabo-
lism affected combined effects of ATG/DMS on apoptosis
and necroptosis. Notably, we found that the ATP levels were
significantly reduced in cells treated with ATG/DMS, but
were effectively rescued in cells pretreated with Q-VD-
Oph-1 or necrostatin-1 (Fig. 3e).

ROS is required for cell death induced by arctigenin
and dexamethasone

To investigate the role of ROS in apoptosis and necrop-
tosis induced by ATG/DMS, a ROS scavenger N-ace-
tylcysteine (NAC) was used to reduce intracellular ROS
levels. Pretreatment with NAC for 2 h significantly recov-
ered a series of events induced by ATG/DMS, including
a decrease in the cell viability (Fig. 4a, b), an increase in
annexin V-PE-positive/7-AAD-negative cells or annexin
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bination treatment with ATG (5 pM) and DMS (12.5 pM) for 48 h.
Levels of apoptosis- and necroptosis-related proteins were measured
by Western blotting (c). Percentage of cell viability was measured by
MTT assay (d). Intracellular ATP levels were measured by CellTi-
ter-Glo luminescent cell viability assay (e). Error bars represent the
mean +S.D. of three independent experiments. ATG arctigenin, DMS
dexamethasone. *P <0.05 compared with non-treatment controls.
#P <0.05 compared with respective controls without pretreatment

V-PE-positive/7-AAD-positive cells (Fig. 4c), accumula-
tion of cells at sub-G,/G, phase of cell cycle (Fig. 4d),
increased levels of Bax, cleaved caspase-3, p-RIP3, and
p-MLKL proteins, and a decreased level of Bcl-2 protein
(Fig. 4e).

Flow cytometry revealed that pretreatment with NAC
reduced increased ROS levels and A¥m loss caused by
ATX/DMS (Fig. 5a, b). To evaluate the effects of ATG/DMS
on DNA damage, phosphorylation levels of DNA damage
response markers such as ATM, ATR, CHK1, CHK?2, and
histone H2A.X were investigated after treatment with ATG/
DMS. As shown in Fig. 5c, the levels of p-ATMS*"'%8! and
p-ATRS28 a5 well as their downstream effectors, p-CHK-
15345 and p-CHK2Thr68, increased, which were accompa-
nied by an increase of the p-Histone H2A. X3 as a marker
for DNA double-strand breaks. However, pretreatment with
NAC effectively restored increases of ATG/DMS-induced
DNA damage markers.
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Fig.4 Effects of pretreatment with N-acetylcysteine following combi-
nation treatment of arctigenin and dexamethasone on cell growth and
cell death in RPMI-2650 cells. a Cells were pretreated with N-ace-
tylcysteine (5 mM) prior to treatment with ATG (5 pM) and DMS
(12.5 pM) alone or in combination for the indicated times. The per-
centage of viable cells was measured by MTT assay. b—e Cells were
treated with ATG (5 pM) and DMS (12.5 pM), alone or in combina-
tion, for 48 h. Cell morphology was observed under a light micro-

To confirm whether the results of the 2D monolayer
culture are consistent in 3D culture, the RPMI-2650 cells-
derived spheroids were treated with ATG/DMS for 48 h,
after which spheroids were incubated with FDA and PI to
stain live and dead cells, respectively. As shown in Fig. 6a,
b, ATG/DMS increased PI(+) area showing necrotic cell
death with decreased cell viability in spheroids, but it was
slightly resistant than cells under 2D conditions. To char-
acterize the nature of cell death, we analyzed the effects
of ATG/DMS on apoptotic and necroptotic mediators. As
shown in Fig. 6c, ATG/DMS showed the increased levels of
cleaved caspase-3, BAX, p-RIP3 and p-MLKL proteins, and
the decreased level of Bcl-2. These findings were restored
by pretreatment with NAC.

scope (b). Apoptotic cell fraction was analyzed using annexin V-PE
binding assay (c). Cell cycle analysis was measured after staining
cells with propidium iodide (d). Levels of apoptosis- and necropto-
sis-related proteins were measured by Western blotting (e). ATG arc-
tigenin, DMS dexamethasone, ATG/DMS combination treatment of
arctigenin and dexamethasone, NAC N-acetylcysteine. *P <0.05 com-
pared with non-treatment controls. P <0.05 compared with respec-
tive controls without NAC pretreatment

Discussion

In this study, we evaluated anticancer effects of ATG and
DMS alone or in combination on cell growth, cell death,
ROS, mitochondrial function, and DNA damage in nasal
septum carcinoma RPMI-2650 cells. Our data provided a
mechanistic explanation that ATG/DMS-induced cytotoxic-
ity was associated with oxidative mitochondrial damage and
subsequent ATP depletion that led to simultaneous induction
of apoptosis and necroptosis, ultimately resulting in signifi-
cant death of RPMI-2650 cells. This study demonstrates for
the first time that ATG/DMS kills RPMI-2650 cells through
necroptosis as well as apoptosis in both 2D and 3D cul-
tures. ATG/DMS-induced cytotoxicity was demonstrated
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Fig.5 Effects of pretreatment with N-acetylcysteine following com-
bination treatment of arctigenin and dexamethasone on ROS, mito-
chondrial function, and DNA damage in RPMI-2650 cells. Cells were
pretreated with N-acetylcysteine (5 mM) prior to treatment with ATG
(5 pM) and DMS (12.5 pM) alone or in combination for 48 h. a Cel-
lular ROS levels were measured after staining cells with DCF-DA
(10 pM). b A¥Ym was measured after staining the cells with 30 nM

by significant decreases of cell viability, intracellular ATP
levels and mitochondrial function. Mitochondrial apoptosis
was evidenced by increased Bax/Bcl-2 ratio, the occurrence
of sub-Gy/G, peak in flow cytometry, and increased cleaved
form of caspase-3. The involvement of necroptosis was
observed by increasing levels of p-RIP3 and p-MLKL. Con-
current induction of necroptosis and apoptosis was further
confirmed by increases of annexin V-PE-positive/7-AAD-
positive cells and annexin V-PE-positive/7-AAD-negative
cells, respectively, in annexin V-PE binding assay. In addi-
tion, pharmacological inhibition of RIP1 and pan-caspases
caused by necrostatin-1 and Q-VD-Oph-1, respectively,
could reverse ATG/DMS-induced cytotoxicity. Drugs or
natural compounds that can induce apoptosis or necroptosis
in cancer cells have been well studied in various types of
cancer cells. However, studies on the naturally occurring
compounds showing simultaneous induction of apoptosis
and necroptosis have only been reported in some substances
including shikonin (Chen et al. 2017). Necroptosis, a subset
of programmed necrosis, can be exploited to control against
cancerous cells that are defective in apoptotic machinery (He
et al. 2017a). Considering that resistance to apoptosis is a
major cause of resistance to anticancer drugs, the develop-
ment of agents targeting necroptosis pathways may provide
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of Rhodaminel23. ¢ Levels of apoptosis- and necroptosis-related
proteins were measured by Western blotting. ATG arctigenin, DMS
dexamethasone, ATG/DMS combination treatment of arctigenin and
dexamethasone, NAC N-acetylcysteine. *P<0.05 compared with
respective controls. *P <0.05 compared with respective controls with-
out NAC pretreatment

novel opportunities to induce cancer cell death, especially
for apoptosis-resistant forms of cancer.

Since spheroids mimic solid tumors rather than 2D mon-
olayer cell cultures, they can be a very useful model for stud-
ying the mechanism of action of anticancer drugs in solid
tumors. In 3D cultures treated with ATG/DMS, increased
PI(+) areas showing necrotic cell death with decreased cell
viability in spheroids were restored by pretreatment with
antioxidant NAC. This is consistent with the results in 2D
cultures. In particular, upregulation of mediators for apop-
tosis and necroptosis in spheroids confirms the results of
2D cell cultures in which ATG/DMS induced RPMI-2650
cell death through concurrent induction of apoptosis and
necroptosis.

Oxidative stress is considered an imbalance in ROS pro-
duction and their removal by antioxidants. It is a primary
cause of damage to cellular components such as DNA, pro-
teins, lipids, and membranes. Mitochondria are major intra-
cellular source and target of ROS in most tissues (Chernyak
et al. 2006). In our study, ATG/DMS increased the produc-
tion of ROS with a significant loss in AWm indicative of
mitochondrial dysfunction. Pretreatment with antioxidant
NAC can prevent them. It has been reported that the loss of
AW¥m can decrease the coupling efficiency of the electron
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Fig.6 Effects of pretreatment with N-acetylcysteine on arctigenin-
promoted cytotoxicity in 3D culture of RPMI-2650 cells. Spheroids
were cultured in Ultra Low cluster 96-well plate and pretreated with
or without N-acetylcysteine (NAC, 5 mM) 2 h prior to treatment with
ATG (5 pM) and DMS (12.5 uM) for another 48 h. a Vitality staining
of RPMI-2650 spheroids [from left to right: phase-contrast image (a),
fluorescent images of FDA(+) living cells in green (b), PI(+) dead

transport chain, subsequently reducing the cellular ATP lev-
els and contributing to cell death (Ricci et al. 2004). The
reduction in cellular ATP levels found in this study supports
an earlier report of ATP depletion due to inhibition of mito-
chondrial respiration by ATG (Gu et al. 2012). Furthermore,
concurrent apoptosis and necroptosis following ATG/DMS
suggest that a series of the cellular responses induced by the
two compounds are associated with mitochondrial dysfunc-
tion. Mitochondria are essential for cellular energy balance
which controls the progression of cell death. Mitochondrial
dysfunction is involved in the progression of apoptosis or
necroptosis through common signals such as ROS (Zou et al.
2015). Such signals are detectably associated with cellular
ATP levels. In the current study, ATG/DMS clearly reduced
cellular ATP levels, while ATP supplement restored cell via-
bility as well as levels of apoptosis and necroptosis mark-
ers. These findings support previous evidence that cellular
ATP levels can determine the fate of apoptosis or necrosis
(Eguchi et al. 1997; Leist et al. 1997). In this regard, ATP
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cells in red (c), and merged (d)]. b Percentage of spheroid viability
was determined using the Enhanced Cell Viability Assay kit. ¢ The
protein levels were assessed by Western blotting. ATG arctigenin,
DMS dexamethasone, ATG/DMS combination treatment of arctigenin
and dexamethasone. *P <0.05 compared with respective controls
without NAC pretreatment

plays an important role in protecting cells from programmed
cell death.

Oxidative DNA damage and subsequent induction of
apoptosis by ATG/DMS found in the present study have
been observed in the anticancer effects of several chemo-
therapeutic drugs including cisplatin (Mizutani 2007).
ROS is known to induce DNA damage and cause single
or double strands breaks that can activate DNA damage
responses to repair damaged DNA (Levine et al. 2017).
Thus, the presence of DNA damage responses with cell
cycle transition delay at G,/M phase and apoptosis sug-
gests that excessive DNA damage exceeding DNA repair
ability might have occurred in RPMI-2650 cells treated
with ATG/DMS.

Cancer cells are under oxidative stress, reflecting the
altered redox balance. Thus, cancer cells are more suscepti-
ble to agents that can induce redox imbalance and increase
oxidative stress, while normal cells are less sensitive to oxi-
dative stress inducers due to low level of basal ROS and
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high antioxidant capacity (He et al. 2017b). Due to bio-
chemical differences between cancer cells and normal cells,
pro-oxidant-based therapeutic strategies that can increase
the level of ROS or inhibit antioxidant have been widely
applied as a major or adjuvant method of cancer treatment.
In this regard, since ATG/DMS increased ROS levels and
caused marked cytotoxicity by simultaneously inducing
apoptosis and necroptosis, making it a potential candidate
in cancer treatment. The potential of ATG to sensitize cells
to the cytotoxic effects of conventional chemotherapeutic
drugs has been reported in several in vivo and in vitro stud-
ies (Lee et al. 2018; Wang et al. 2014; Yao et al. 2011). We
have previously shown that combination treatment with ATG
and docetaxel can cause preferential cytotoxicity to acidity-
tolerant prostate carcinoma PC-3 cells and such effect is
associated with ROS-mediated mitochondrial damage and
inhibition of PI3 K/Akt/mTOR pathway (Lee et al. 2018).
In addition, ATG has the potential to enhance chemosensi-
tivity of cancer cells to cisplatin by reducing the amount of
surviving (Wang et al. 2014) or inhibiting STAT3 signaling
pathway (Yao et al. 2011). Gu et al. have reported that the
combination treatment of ATG and 2-deoxyglucose can be a
therapeutic strategy for cancer treatment by targeting cellular
energy metabolism with minimum adverse effects on normal
tissues (Gu et al. 2012).

Conclusion

Our results have demonstrated the efficacy of ATG as a ther-
apeutic candidate in nasal septum carcinoma. To achieve
better results, it can be combined with DMS. The role of
necroptosis in the treatment of nasal septum carcinoma
needs to be further investigated using animal models. Never-
theless, simultaneously targeting apoptosis and necroptosis
in cancer might provide very promising opportunities for
new drug development.
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