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Abstract

Background Pharbitis nil (L.) Choisy (PN) is used as a traditional herb in East Asia and exhibits anti-parasitic, purgative,
diuretic, anti-inflammatory, and anti-cancer activities. However, the molecular mechanisms underlying the anti-cancer activ-
ity are not well understood.

Objective This study aims to elucidate the effects of reactive oxygen species (ROS), generated after treatment with the
compound PN, on the induction of apoptosis and autophagy, which are pathways that underly the mechanisms of cell death
and cell survival in human prostate cancer cells.

Results The MTT assay and western blot analysis were used to assess the effects of compound PN on cell viability and the
expression of apoptosis- and autophagy-related proteins in prostate cancer PC-3 cells. The effects of PN on apoptosis (via
annexin V/propidium iodide staining), autophagy (via acridine orange staining), and ROS (via DCFH-DA staining) were
investigated using flow cytometry. Compound PN induced the production of intracellular and mitochondrial ROS leading to
increased apoptosis and autophagy in PC-3 cells. Interestingly, pretreatment with N-acetyl-L-cysteine (NAC), an intracellular
ROS scavenger, enhanced compound PN-induced apoptosis, but reduced levels of autophagy. In contrast, pretreatment with
diphenyleneiodonium (DPI), an inhibitor of mitochondrial ROS, reduced compound PN-induced apoptosis and enhanced
autophagy. Inhibition of autophagy led to acceleration of apoptosis in a PN-induced ROS-dependent manner. Compound
PN-induced ROS production from two different sources, an intracellular source and mitochondrial source. ROS production
in these differing locations had different effects on apoptosis and autophagy. They acted either by promoting cell death or
cell survival through regulating autophagy to either escape or enhance apoptotic cell death.

Conclusion This crosstalk between ROS-activated signals in apoptosis and autophagy induction by PN provides new insights
into the molecular mechanisms of this compound and suggests that PN may be a potential therapy for prostate cancer
treatment.
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Introduction

Apoptosis and autophagy, processes involved in pro-
grammed cell death, have been the focus for cancer thera-
pies, as autophagy promotes cell survival by suppressing
apoptosis induction, but can lead to cell death (Yonekawa
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and Thorburn 2013). Reactive oxygen species (ROS) are
associated with many diseases, including cancer, metabolic
disease, Alzheimer’s disease, and cardiovascular disease
(Uttara et al. 2009; Srivastava and Kumar 2015). ROS pro-
duced from cellular oxygen metabolism play an important
role in cellular signaling and homeostasis (Ray et al. 2012).
ROS are also key molecules in the regulation of apopto-
sis and autophagy in cancer, and thus, affect cell death and
survival (Poillet-Perez et al. 2015). Low levels of ROS
usually stimulate cell proliferation and survival, whereas
excessive levels induce cell death through diminished anti-
oxidant capacity. Many studies have shown that oxidative
stress induces two types of ROS, that is, endogenous and
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exogenous ROS (Panieri et al. 2016). Endogenous ROS are
produced by the mitochondrial electron transport chain and
nitric oxide synthase, which includes lipoxygenase, NADPH
oxidase, and cytochrome ¢ oxidase. Endogenous ROS play
important roles in apoptosis through the regulation of mito-
chondrial membrane potentials, as loss of mitochondrial
membrane potential can result in the release of cytochrome
c. Exogenous ROS can be produced by external sources,
such as radiation or drugs (Chen et al. 2017; Lee et al. 2013),
and recent reports have suggested that increasing exogenous
ROS levels with hydrogen peroxide induces apoptosis via
inhibition of the antioxidant system (Liou and Storz 2010).
Excessive oxidative stress disrupts the balance of intracel-
lular antioxidant/oxidant levels, resulting in damage to bio-
logical molecules and cell death (Panieri and Santoro 2016).

Pharbitis nil (L.) Choisy (PN), commonly known as
morning glory, is a plant that is native to most tropical
countries. The seeds and roots of PN are traditionally used
as herbal medicine in East Asia to treat cancer. PN has
been shown to be cytotoxic to gastric cancer cells through
regulating tumor suppressor genes (Ko et al. 2004; Ju et al.
2011; Kim et al. 2014). Recently, the extract of the seeds of
Pharbitis nil were shown to have anti-inflammatory activity,
anti-fungal activity, and analgesic effects on abdominal pain
(Kim et al. 2014). PN contains several bioactive small mol-
ecules, such as, resin glycosides (eg.,pharbitin), gibberel-
lins, flavonoids, chlorogenic acid derivatives, anthocyanins,
diterpenoids, and triterpene saponins (Jung 2008; Kim et al.
2009). However, the mechanisms underlying the antican-
cer activity of PN are not clear. We hypothesized that PN
regulates ROS production, leading to effects on autophagy
and apoptosis. Therefore, we investigated the mechanisms
responsible for the anticancer effects of compound PN,
isolated from Pharbitis nil, in human prostate cancer PC-3
cells, with a focus on the relationship between apoptosis and
autophagy mediated by ROS production.

Materials and methods
Reagents

Compound PN was purified from the methanol extract
of seeds of Pharbitis nil, as previously described (Choi
2017). 3-(4,5-Dimethyl-thiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT), 2', 7'-dichlorofluorescein diacetate
(DCFH-DA), diphenyleneiodonium (DPI), 3-methyadenine
(3-MA), and acridine orange (AO) were purchased from
Sigma Chemical (St. Louis, MO, USA). A FITC Annexin
V Apoptosis Detection Kit from BD Biosciences (San Jose,
CA, USA) was used. Antibodies for microtubule-associated
protein 1 light chain 3 (LC3), caspase-3, poly (ADP-ribose)
polymerase (PARP), and pf—actin were purchased from Cell
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Signaling Technology (Beverly, MS, USA) and Santa Cruz
Biotechnology (Santa Cruz, CA, USA), respectively. Goat-
anti-mouse and goat-anti-rabbit IgG secondary antibodies
were obtained from Enzo Life Science (Farmingdale, NY,
USA) and ECL Western kit from iNtRON Biotechnology
(Seongnam, Korea).

Cell culture and viability

Human prostate cancer PC-3 cells were obtained from the
American Type Culture Collection (ATCC; Manassas, VA,
USA) and cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, WelGENE Inc., gyeongsan, Korea) supplemented
with 10% fetal bovine serum (FBS, WelGENE Inc.) and 100
units/ml of penicillin and streptomycin (WelGENE Inc.)
in a humidified atmosphere containing 5% CO, at 37 °C.
PC-3 cells were seeded at a density of 1 x 10 (Ray et al.
2012) cells/well and treated with various concentrations of
compound PN for 24 h. The MTT assay was performed to
determine cell viability, as previously described (Kim et al.
2017a).

Measurement of apoptosis

PC-3 cells were seeded at a density of 1x 10* cells/well and
then treated with various concentrations of compound PN
for 24 h. After treatment, cells were collected and stained
using the FITC Annexin V Apoptosis Detection Kit (BD
Biosciences), according to the manufacturer’s instructions.
Apoptotic cells were counted by flow cytometry (FACS-
Calibur, Becton Dickinson Co. Franklin Lakes, NJ, USA)
and data were analyzed using Cell Quest software (Becton
Dickinson Co.).

Intracellular and mitochondrial reactive oxygen
species (ROS) production

Intracellular and mitochondrial ROS production were
assessed by DCFH-DA or MitoSOX staining, respectively
(Kim et al. 2017a, c). PC-3 cells were cultured at a density
of 1x10* cells/well, treated with various concentrations of
compound PN for 24 h, and stained with 10 pM of DCFH-
DA or 5 pM MitoSOX at 37 °C for 15 min in the dark.
ROS production was measured using flow cytometry (FAC-
SCalibur, Becton Dickinson Co.) and analyzed using Cell
Quest software (Becton Dickinson Co.). Mitochondrial ROS
images were obtained using a confocal microscope (Olym-
pus, Tokyo, Japan).

Detection of acidic vesicular organelles (AVOs)

To quantify the number of AVOs, PC-3 cells were cul-
tured at a density of 1 X 10* cells/well, treated with various
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concentrations of compound PN for 24 h, and stained with
1 pM acridine orange (AO) at 37 °C for 20 min in the dark.
The number of AVOs was determined using flow cytometry
(FACSCalibur, Becton Dickinson Co.) and analyzed using
the Cell Quest software (Becton Dickinson Co.).

Western blot analysis

Cells were lysed with lysis buffer [20 mg/ml aprotinin, 1 mM
benzamdine, 5 mM EDTA (pH 8.0), 50 pl/ml leuptin, 1 mg/
ml pepstatin, ]| mM PMSF, 150 mM NaCl, 10 mM Tris
(pH 7.4), 1% Triton X-100]. Cell lysates were separated on
8-15% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) gel and transferred to polyvinylidene
fluoride (PVDF) membrane. After blocking membranes
with 5% skim milk in TBS-T buffer [20 mM Tris (pH 7.4),
150 mM NaCl, 0.1% Tween 20] at room temperature for
2 h, and the membranes were incubated with specific pri-
mary antibodies at 4 °C overnight and washed three times
with TBS-T buffer for 10 min. Finally, the membranes were
incubated with secondary antibody at room temperature for
2 h and rewashed. Band densities were determined using a
fluorescence scanner (LAS 3000, Fuji Film, Tokyo, Japan)
and data were analyzed using Multi Gauge V3.0 software
(Fuji Film).

Statistical analysis

Statistical comparisons were made using ANOVA. Results
are presented as the means + SDs of experiments performed
in triplicate. P values <0.001 were considered statistically
significant.

Results

Compound PN induces caspase-3-dependent
apoptosis in prostate cancer PC-3 cells

In a previous study by our group, we demonstrated that com-
pound PN significantly inhibited cell proliferation in a con-
centration-dependent manner and induced cell cycle arrest
and apoptosis in PC-3 cells in a dose-dependent manner
(Choi 2017). Therefore, we examined the effect of PN treat-
ment on the expression of apoptosis-related proteins, Bax,
Bcl-2, caspase-3, and PARP. Compound PN did not affect
the expression of Bax but led to reduced Bcl-2 expression,
thus, significantly increasing the Bax/Bcl-2 ratio (Fig. 1a).
Compound PN also reduced pro-caspase-3 expression and
markedly increased levels of the cleaved forms of PARP
and caspase-3 substrates (Fig. 1a). In addition, pretreatment
with Z-DEVD-FMK, an inhibitor of caspase-3, significantly
suppressed compound PN-induced apoptosis (Fig. 1b) and

prevented the cleavage of caspase-3 and PARP (Fig. 1c).
These results indicate that compound PN-induced apopto-
sis is associated with Bcl-2 family and caspase-3-dependent
pathways in PC-3 cells.

Compound PN triggers intracellular
and mitochondrial ROS generation in prostate
cancer PC-3 cells

To determine whether apoptosis induced by compound PN in
PC-3 cells is associated with ROS production, we examined
levels of ROS status treatment with PN using DCHF-DA
and MitoSOX staining. As shown in Fig. 2a, intracellular
ROS levels were significantly increased from 6.72 to 40.62%
after treatment with PN. The levels of ROS increased in
a dose-dependent manner when treated with 2, 4, 6, and
8 ng/ml PN. Conversely, pretreatment with ROS inhibi-
tors, either 5 mM NAC or 0.5 uM DPI, significantly pre-
vented intracellular ROS production induced by compound
PN (Fig. 2b). Mitochondrial-specific ROS production was
increased with PN treatment, and was dramatically reduced
by pretreatment with a general ROS scavenger, NAC, and by
a mitochondrial ROS inhibitor, DPI, which inhibits NADPH
oxidase (Fig. 2¢). Confocal microscopy was used to confirm
the location of mitochondrial ROS production. Compound
PN significantly increased mitochondrial ROS, and these
increases were suppressed by pretreatment with NAC or DPI
(Fig. 2d). These results indicate that compound PN induces
both intracellular and mitochondrial ROS production.

Pretreatment with NAC or DPI differentially
regulates apoptosis through ROS production
induced by compound PN in prostate cancer PC-3
cells

Since we observed both increases in ROS production and
apoptosis after treatment with PN, we aimed to examine the
relationship between ROS production and compound PN-
induced apoptosis using NAC and DPI. As shown in Fig. 3a,
pretreatment with NAC significantly increased induction of
apoptosis from 54.13 to 89.03%, as compared with treat-
ment with compound PN alone (Fig. 3a), as indicated by the
significantly enhanced levels of cleavage of pro-caspase-3
and PARP (Fig. 3b). Previous reports have shown that pre-
treatment with NAC significantly increases anticancer agent-
induced apoptosis (Qanungo et al. 2004). However, upon
pretreatment with DPI, we found that induction of apoptosis
was attenuated (Fig. 3c) and that there was suppression of
compound PN-induced cleavage of pro-caspase-3 and PARP
(Fig. 3d). These results suggest that the effects of ROS on
apoptosis induced by compound PN depend on the source
of the ROS production.
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Fig.1 Compound PN-induced caspase-3-dependent apoptosis in
prostate cancer PC-3 cells. a Expression of apoptosis-related proteins.
b Effects of Z-DEVD-FMK on apoptosis. ¢ Effects of Z-DEVD-FMK
on expression of apoptosis-related proteins. Cells were treated with
the indicated concentrations of compound PN for 24 h in the pres-

Compound PN induces autophagy in prostate cancer
PC-3 cells

To investigate whether compound PN induces autophagy
in PC-3 cells, we examined the formation of AVOs, a
marker for autophagosome formation, by flow cytometry,
using AO dye. As shown in Fig. 4a, the number of AVO-
positive cells dramatically increased in a dose-dependent
manner after treatment with compound PN for 24 h at dif-
fering concentrations. The conversion of LC3-I to LC3-1II,
a marker of autophagy, also increased in a dose-depend-
ent manner. However, the intracellular levels of beclin-1,
another marker of autophagy, were not altered (Fig. 4b).
Pretreatment with 3-MA, a general autophagy inhibitor,
reduced the number of AVO-positive cells (Fig. 4c) and
inhibited the conversion of LC3-I to LC3-II (Fig. 4d),
as compared with treatment of compound PN alone.
These observations suggest that compound PN induces
autophagy and is involved in the conversion of LC3-I to
LC3-II and autophagosome formation.
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ence or absence of pretreatment with 10 pM Z-DEVD-FMK. Apop-
tosis and apoptosis-related proteins were analyzed using annexin V/
PI staining and western blotting, respectively. All data represent at
least three independent experiments. Data represent the mean+SD,
**%p <0.001

Inhibition of autophagy enhances compound
PN-induced apoptosis by increasing mitochondrial
ROS production in prostate cancer PC-3 cells

To evaluate the relationship between autophagy and apopto-
sis, we assessed apoptosis induction after pretreatment with
3-MA in PC-3 cells. Pretreatment with 3-MA enhanced
compound PN-induced apoptosis (from 60.52 to 89.29%),
caspase-3 activation, and PARP cleavage (Fig. 5a, b). Pre-
vious studies have suggested that that ROS are key regula-
tors of autophagy induction (Poillet-Perez et al. 2015). To
examine whether ROS production regulates compound PN-
induced autophagy, we measured autophagy induction after
pretreatment with NAC or DPI. We found inhibition of intra-
cellular ROS production via treatment with NAC decreased
AVO formation from 57.68 to 21.58% and reduced the
conversion of LC3-I to LC3-II, as compared with treatment
with compound PN alone (Fig. 5c, d). However, inhibition
of mitochondrial ROS production by treatment with DPI
increased AVO formation and the conversion of LC3-I to
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Fig.2 Compound PN-induced production of both intracellular and
mitochondrial reactive oxygen species (ROS) in prostate cancer PC-3
cells. a Intracellular ROS production. b Effects of NAC and DPI
on intracellular ROS production. ¢ Confocal microscopic images of
mitochondrial ROS. d Effects of NAC and DPI on mitochondrial
ROS production. Cells were pretreated with 5 mM NAC or 0.5 pM
DPI for 1 h before treatment with indicated concentration of com-
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LC3-II (Fig. Se, f). These results suggest that ROS produced
in different subcellular locations have differential effects
on autophagy induced by treatment with compound PN,
depending on the source of the ROS. Autophagy appears
to be inversely proportional to apoptosis induced by intra-
cellular ROS production and a reduction in mitochondrial
ROS accumulation is responsible for enhanced autophagy,
resulting in increased cell survival.

Discussion

PN is a bioactive compound isolated from the seeds of Phar-
bitis nil (L.) Choisy using Diaion HP-20, C18 reverse phase
and Sephadex LH-20 column chromatography (Choi 2017).
Recent reports have shown that lignans from Pharbitis nil
lead to cell death in breast cancer cells (Ju et al. 2011; Kim
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pound PN for 24 h. Cells were stained with 10 pM DCFH-DA or
5 pM MitoSOX. The fluorescence intensities were detected for intra-
cellular or mitochondrial ROS production, respectively, using flow
cytometry. Mitochondrial ROS images were obtained using a confo-
cal microscope. All data represent at least three independent experi-
ments. Data represent the mean + SD, ***p <0.001

et al. 2014). However, the molecular mechanisms underlying
this process, including the mechanisms through which ROS,
apoptosis, and autophagy are linked, have not been eluci-
dated. The present study, aimed to assess the role of ROS
in PN-induced autophagy and apoptosis in prostate cancer
cells. Compound PN-induced apoptosis was confirmed
through detection of the expression of the apoptosis-related
proteins, Bax, Bcl-2, caspase-3, and PARP, indicating cas-
pase-3-dependent activation. Our results demonstrated that
ROS produced in different subcellular locations had differ-
ential effects on PN-induced autophagy and apoptosis. Com-
pound PN-induced autophagy, as we observed increased
formation of AVOs and LC3-II conversion, which were
suppressed by 3-MA, an inhibitor of autophagy. Inhibition
of autophagy by 3-MA also enhanced PN-induced apoptosis.

ROS are produced from different subcellular locations,
including the mitochondria, endoplasmic reticulum, and
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Fig.3 Intracellular and mitochondrial ROS differentially regu-
late compound PN-induced apoptosis in prostate cancer PC-3 cells.
a Effects of NAC on apoptosis. b Effects of NAC on expression of
apoptosis-related proteins. ¢ Effects of DPI on apoptosis. d Effects
of DPI on expression of apoptosis-related proteins. Cells were pre-
treated with 5 mM NAC or 0.5 pM DPI for 1 h before treatment

peroxisomes and by many enzymes, such as, xanthine oxi-
dase, lipoxygenase, cytochrome P450 monooxygenase,
cyclooxygenase, NADPH oxidase, and nitric oxide syn-
thase (Kim et al. 2007, 2017¢). Oxidative stress has become
an increasingly important therapeutic target for the treat-
ment of cancer (Nicco and Batteux 2017) and several anti-
cancer drugs have been designed to target ROS-mediated
pathways in different cancer types (Kim et al. 2007, 2013).
In the present study, inhibition of intercellular ROS pro-
duction by NAC, a general ROS scavenger, considerably
enhanced compound PN-induced apoptosis, but reduced its
effect on autophagy. In contrast, inhibition of mitochondrial
ROS generation using DPI, a mitochondrial ROS inhibitor,
significantly reduced compound PN-induced apoptosis, but
increased its effect on autophagy. These results suggest that
compound PN induces the production of ROS from different
subcellular locations, both from intracellular molecules and
the mitochondria. Our findings suggest that ROS produced
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with the indicated concentration of compound PN for 24 h. Apopto-
sis and apoptosis-related proteins were analyzed using annexin V/PI
staining and western blotting, respectively. All data are representa-
tive of at least three independent experiments. Data are shown as the
mean + SD, ***¥p <0.001

in these differing locations have different effects on PN-
induced apoptosis and autophagy. We also found that the
ROS produced in different locations had differing effects on
cell death and survival. These findings are consistent with
previous reports that autophagy is associated with the pro-
tection of damaged organelles (Daido 2005; Levine 2007,
Song 2009) and cancer cell death (Kim et al. 2016, 2017b,
¢; Quillet-Mary 1997).

In summary, compound PN was found to induce ROS
production from two sources, both intracellularly and from
the mitochondria. ROS production in these locations dif-
ferentially influenced apoptosis and autophagy, which either
resulted in cell death or promoted cell survival through the
regulation of autophagy to escape or enhance apoptotic cell
death. Targeting the crosstalk between ROS-activated sig-
nals in induction of autophagy and apoptosis by treatment
with compound PN represents a new strategy for prostate
cancer treatment.
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1 mM 3-MA for 1 h. Autophagy and autophagy-related proteins were
analyzed using acridine orange (AO) staining and western blotting,
respectively. All data are representative of at least three independent
experiments. Data are shown as the mean+ SD, ***p <0.001
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Fig.5 Inhibition of autophagy enhanced compound PN-induced
apoptosis by regulation of mitochondrial ROS production in pros-
tate cancer PC-3 cells. a Effects of 3-MA on apoptosis. b Effects of
3-MA on expression of apoptosis-related proteins. ¢ Effects of NAC
on autophagy. d Effects of NAC on expression of LC-3B. e Effects
of DPI on autophagy. f Effects of DPI on expression of LC-3B.
Cells were pretreated with 5 mM NAC or 0.5 pM DPI for 1 h before
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