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Introduction: Saponin of Schizocapsa plantaginea Hance 1 (SSPH 1), a novel bioactive
phytochemical isolated from the rhizomes of Schizocapsa plantaginea, has been demon-
strated to exhibit anti-cancer activity against various tumors in preclinical studies. However,
the molecular mechanisms involved in the suppression of hepatocellular carcinoma (HCC)
are poorly understood. The present study aimed at analyzing the effects of SSPH I on
autophagy and apoptosis in vitro.

Methods: MTT and colony forming assays were used to detect cell viability and cell
proliferation. Hoechst 33,258 staining and flow cytometry were used to determine apoptosis
and ROS production. The apoptosis and autophagy-related protein expression levels were
evaluated via Western blot assay. Characteristics of autophagy and apoptosis were observed
by transmission electron microscopy. Lysosomal activity was stained with Lyso-Tracker Red
and Magic Red Cathepsin B.

Results: The results showed that SSPH I exhibited potent anti-cancer activity and prolifera-
tion in HepG2 and BEL-7402 cells and inhibited HepG2 cells through inhibiting autophagy
and promoting apoptosis. The mechanistic study indicated that the inhibition of autophagy of
SSPH I was mediated by blocking autophagosome—lysosome fusion. Additionally, we found
that SSPH I could mediate the activation of MAPK/ERK1/2 signaling pathway, and the use
of NAC (ROS inhibitor) and U0126 (MEK1/2 inhibitor) converted the effect of SSPH I on
apoptosis and autophagy in HepG2 cells.

Conclusion: These data suggest that SSPH I induces tumor cells apoptosis and reduces
autophagy in vitro by inducing ROS and activating MAPK/ERK1/2 signaling pathway,
indicating that SSPH I might be a novel agent for the treatment of HCC.

Keywords: saponins of Schizocapsa plantaginea Hance 1, SSPH I, autophagy,
hepatocellular carcinoma cells, apoptosis, ROS, MAPK

Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors around
the world, which is the main cause of cancer-related death. The incidence rate of liver
cancer is increasing worldwide. More than 800 thousand new cases are added
each year, causing 78,000 deaths per year." Surgical treatment is only applicable to
15-25% of patients. Although new treatment schemes are adopted, including systemic
chemotherapy, radiotherapy, immunotherapy and targeted therapy, the 5-year survival
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rate of liver cancer is still lower than 15%.> Therefore, in
order to improve the prognosis of patients with liver cancer,
more efforts are needed to find new and effective anti-tumor
drugs and reveal their mechanisms of action.

Autophagy and apoptosis are two main mechanisms of
programmed cell death. Autophagy, also known as type 11
cell death, is a dynamic degradation process. Autophagy
provides survival advantages for cells in nutritional defi-
ciency or other stress states, and maintains intracellular
homeostasis.** Autophagy plays a crucial role in many phy-
siological and pathological processes such as apoptosis, cell
death and cell survival.>® Apoptosis (also known as type
I cell death) is characterized by nuclear division, chromatin
body
formation.” In general, apoptosis can be triggered by endo-

concentration, cell contraction and apoptotic
genous mitochondria or exogenous death receptor mediated
pathways.®® Once there are some abnormal conditions, such
as ROS overload, apoptosis will occur.'® Due to the regula-
tory mechanisms are interrelated in many aspects, autophagy
and apoptosis are not independent processes, there exists
overlap between them.'" Mitochondria provide energy and
material for the survival of cancer cells, but also produce
a small amount of ROS, which will be eliminated by autop-
hagy. Damaged mitochondria will produce a large amount of
ROS, and excessive ROS will attack nucleic acids and mito-
chondria, resulting in a vicious cycle, eventually leading to
apoptosis. Recent study has shown that Ubenimex exerts
anti-cancer efficacy and induces apoptosis and autophagy
via the ROS/ERK1/2 signaling pathway.'* Thus, ROS and
MAPK/ERK1/2 play important roles in the interaction
between autophagy and apoptosis of tumor cells.'*'*
Traditional Chinese medicine (TCM) has the character-
istics of multi-target, multi-step and multi-level synergism.
They are both historically important therapeutic agents and
important source of new drugs.'>'® The most famous exam-
ples of TCM are artemisinin and its derivatives, they are the
gifts from TCM not only for malaria control but also for
schistosomiasis control.'” In addition, it has been widely
reported that many kinds of TCM have the effects of anti-
proliferation, anti-inflammatory, anti-oxidant, pro-apoptosis

in vitro and vivo.'®2°

and antiangiogenic activities
Researches show that Saponins inhibit the development of
various tumors. For example, aescin, a mixture of triterpe-
noid saponins, has anti-cancer effects in a variety of tumor
models in vitro and in vivo, including colorectal cancer, liver

cell cancer and bladder cancer,”!>*

etc. Astragaloside II,
a monomer extracted from Astragalus, suppresses autophagy

by interfering with Beclin-1 and LC3 via MAPK-mTOR

pathway, through which sensitized human cancer resistant
cells to 5-FU-induced cell death.” Our previous studies have
found that SSPH is a mixture of steroidal saponins (including
SSPH I, SSPH II and stigmasterol glycosides), which possess
antitumor effect on hepatoma cells and less toxicity on nor-
mal human hepatocytes.”> However, the main bioactive ster-
oidal saponin SSPH I, which was isolated and purified from
SSPH, its anti-hepatoma effect and mechanism of autophagy
and apoptosis are not clear.

In the current study, we were the first to find that SSPH
I inhibits autophagy and induces apoptosis by inhibiting
autophagy lysosomal fusion. Besides, we attempted to elu-
cidate the potential mechanisms of SSPH I on autophagy
and apoptosis using HepG2 cell line in vitro. Therefore, the
NAC (ROS inhibitor) and U0126 (MEK1/2 inhibitor) were
used to determine the potential mechanisms of action. Our
results indicated that the effects of SSPH I on autophagy and
apoptosis might be associated with inducing ROS accumu-
lation and activating the MAPK/ERK1/2 signaling pathway.

Materials and Methods
Preparation and Storage of SSPH |

SSPH I isolated from the rhizomes of Schizocapsa planta-
ginea, was prepared, purified and identified by following
the procedures of our previous study.”® Briefly, the tubers
of Schizocapsa plantaginea were pieced and extracted
using 80% ethanol. The ethanol extract was further treated
with petroleum ether, ethyl acetate and n-butanol succes-
sively. Saponins were separated from the butanol soluble
portion by adsorption process with macroporous resin
D101, followed by ethanal elution. The 60% ethanal solu-
ble portion was separated by silica gel column chromato-
graphy following elution processes with gradient
chloroform/methanol/water (8/1/0.05, 6/1/0.05, 4/1/0.05
in v/v). The method of chloroform-methanol and
Sephadex LH-20 column was adopted in turn to obtain
SSPH I. The chemical structure of SSPH I was identified
by '"H NMR and '*C NMR spectra analyses. SSPH I was
dissolved in dimethyl sulfoxide (DMSO) at a final con-

centration of 10 mM and stored in —20 °C until use.

Reagents

Magic Red Cathepsin B Assay was purchased from
Immunochemistry Technologies (Bloomington, MN, USA).
Lyso-Tracker Red and chloroquine (CQ) were from Sigma-
Aldrich (St. Louis, MO, USA). U0126 and NAC (N-acetyl-
cysteine) were obtained from Med Chem Express (Monmouth
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Junction, NJ, USA). GAPDH antibodies were purchased from
Cell Signaling Technology (Danvers, MA, USA). All remain-
ing cell culture reagents were purchased from Life
Technologies (Rockville, MD, USA). PVDF membranes
were from Millipore (Burlington, MA, USA).

Cell Culture

The cell lines were obtained from the Shanghai Cell Bank
of the Chinese Academy of Sciences and propagated in
our laboratory. The cells were maintained in 75 cm? flasks
in RPMI-1640 supplemented with 10% (v/v) FBS, 100
units/mL penicillin, and 100 pg/mL streptomycin. The
cultures were incubated at 37°C in an atmosphere contain-
ing 5% CO,.

Treatment of Drugs and Reagents

Cells were seeded and incubated for 24 h. SSPH I, chlor-
oquine and/or U0126 were added to treat the cells alone or
combined for another 24 h. For groups of NAC pretreated,
NAC was added for 1 h in prior and removed before any
treatment that mentioned above.

Cell Viability Assay

Methyl thiazolyl tetrazolium (MTT) and colony formation
assays were employed to examine the effects of SSPH I on
the proliferation of HepG2 and BEL-7402 cells. Briefly, cells
were seeded in 96-well plates at a density of 7000 cells per
well and incubated for 24 h. Subsequently, cells were treated
for 24 h with varying concentrations of SSPH I diluted in
RPMI-1640 (Gibco, Gaithersburg, MD, USA) medium con-
taining 10% FBS. The supernatant was then removed, 100
puL of RPMI-1640 medium containing 1 mg/mL of MTT was
added each well, and the cells were incubated for an addi-
tional 4 h. Subsequently, 100 pL. of DMSO was added, and
the samples were shaken for 10 min in the dark to solubilize
formazan. To determine cell proliferation, the absorbance at
570 nm was recorded using a microplate reader (Molecular
Devices, Hongkong, China).

Cell Proliferation Assay

As to colony formation assay, cells were seeded in six-well
plates (500 cells/well) and incubated for 24 h. Subsequently,
cells were treated for 24 h with varying concentrations of
SSPH I diluted in RPMI-1640 and refreshed the new culture
medium every 23 days. After incubation for 14 days, the
colonies were fixed with 4% paraformaldehyde, and stained
with 0.2% (w/v) crystal violet. Colonies were quantified with
the Image J software.

Hoechst 33,258 Staining

Hoechst 33,258 staining was used to evaluate cell apoptosis.
HepG2 cells (10%/dish) were seeded in glass bottom dishes
for 24 h and treated with SSPH I and U0126 for 24 h. Cells
were then washed twice with PBS and then stained with
Hoechst 33,258 (10 pg/mL in PBS) at 37 °C for 15 min in
dark, and observed under a fluorescent inverted microscope
(BX61W1, OLYMPUS, Japan).

Measurement of Intracellular ROS

Prior to measurement of Intracellular ROS level, the cells
were cultured in the absence or presence of 10 mM NAC
for 1 h. Subsequently, SSPH I with series of concentra-
tions (2.9~5.8 uM, diluted in RPMI 1640) was added to
the cell culture for 24 h. The fluorescent staining of cells
was performed with DCFH-DA using the ROS Assay kit
(Sigma, USA) for ROS measurement, according to the
manufacturer’s instruction. The fluorescence intensity of
each lysate was measured using a flow cytometric machine
(FC500, Beckman Coulter, USA).

Annexin V/PI Staining

Apoptosis was measured by flow cytometry after staining
with Alexa Flour 488 Annexin V and Propidium Iodide (PI)
using Alexa Fluor 488 Annexin V/Dead Cell Apoptosis Kit
(Thermo Fisher Scientific). The staining was performed
according to the manufacturer’s instructions. For each sam-
ple, at least 1x104 cells were analyzed by flow cytometry
(BD, USA). Flow Jo (Tree Star Inc., Ashland, OR, USA)
software was used for quantitative analysis.

Western Blot Analysis

Cells were lysed with RIPA Lysis Buffer (Beyotime,
Shanghai, China) containing PMSF (1:100 v/v, Solarbio,
Beijing, China) and phosphatase inhibitors (1:100 v/v,
Solarbio, Beijing, China). Protein concentration in the
supernatant was measured using the BCA™ Protein
Assay Kit (Beyotime, Shanghai, China). Approximately
50 pg of total protein was subjected to SDS-PAGE, and
transferred onto PVDF membranes. The membranes were
washed, blocked with a 5% skim milk for 1 h. then incu-
bated with rabbit monoclonal antibodies (1:1000 dilution;
Cell Signaling, Danvers, USA) and GAPDH antibody
(1:1000 dilution; Santa Cruz Biotechnology, CA, USA),
overnight at 4 °C on a shaker. The membranes were then
incubated with the fluorescent labeled secondary antibo-
dies (1:10,000 dilution; Cell Signaling, Danvers, USA), at
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room temperature for lh. The intensity of the bands was
determined using an Odyssey infrared fluorescence scan-
ning imaging system (LI-COR, Lincoln, NE, USA).

Transmission Electron Microscopy (TEM)
HepG2 cells were plated into 6-well plates at a density of
2x10° cells/well. Cells were treated with vehicle or SSPH
I for 24 h. Subsequently, the cells were harvested, fixed
overnight in 2.5% glutaraldehyde, and incubated with
osmium tetroxide for two hours at 4°C. Specimens were
embedded in epoxy resin. The embedded cells were sliced
into 100 nm and stained with uranyl acetate and lead citrate.
Ultrastructure of cells was imaged by a Hitachi HT7700
transmission electron microscope (Hitachi, Tokyo, Japan).

Lysosomes Detection with Lyso-Tracker
Red Staining

After the incubation with the tested drug or reagent, cells
were stained with lysosome-specific red fluorescent dye
Lyso-Tracker Red (50 nM) for 45 min at 37°C and photo-
graphed using a fluorescence microscope. The intensity of
red fluorescence represents the number of lysosomes.

Cathepsin B Detection with Magic Red
Cathepsin B Staining

Magic Red® Cathepsin assay kits enable researchers to quan-
titate and monitor intracellular cathepsin-B, -K, or -L activity
over time in vitro. The Magic Red (MR) reagent is a non-
cytotoxic substrate that fluoresces red upon cleavage by
active cathepsin enzymes. Because MR is cell-permeant, it
easily penetrates the cell membrane and the membranes of
the internal cellular organelles — no lysis or permeabilization
steps are required. If cathepsin enzymes are active, they will
cleave off the two dipeptide cathepsin targeting sequences
and allow the cresyl violet fluorophore to become fluorescent
upon excitation. After incubating with the tested drugs or
reagents, cells were stained with 1xMagic Red Cathepsin
B dye for 30 min at 37°C, according to the manufacturer’s
instruction. The fluorescence of cathepsin B in the cells was
observed under a fluorescence microscope and imaged. The
intensity of the red fluorescence represents the activity of
intracellular cathepsin B.

Statistical Analysis

SPSS software version 16.0 (IBM, Armonk, NY, USA)
was used for statistical analysis. The data were expressed
as mean + standard deviation (SD). The least significant

difference (LSD) method of one-way ANOVA was used to
compare the independent groups. The difference was sta-
tistically significant (P < 0.05). The figure shows the sig-
nificance level of P-value lower than 0.05, 0.01 and 0.001.

Results
SSPH I Inhibited Viability and Proliferation

of HepG2 and BEL-7402 Cells

SSPH 1 [structural formula as (25S)-spirost-5-en-3 beta-yl
-o-alpha-rhamnopyranosyl-(1—2) -o- [o-beta-d-glucopyra-
nosyl-(1—4) -alpha-l-rhamnopyranosyl-(1—3)]-beta-d-glu-
copyranoside], is a spirostano-type steroidal saponin with
four sugar moieties (Figure 1A). The molecular formula is
Cs1Hg,0,1, and molecular weight is 1030. According to the
results of our identification, SSPH I prepared in our study
was with a purity of over 96% (Supplementary Figure S1),

suggesting the successful isolation of SSPH I for the use of
the following tests. We investigated the effect of SSPH I on
the growth of HepG2 and BEL-7402 cells by evaluating cell
viability using MTT assay for 24 h. As shown in Figure 1B,
SSPH I inhibited the viability of HepG2 and BEL-7402 cells
in a dose-dependent manner. At 24 h, the ICs value of SSPH
I'was 1.14 +0.09 uM for HepG2 and 2.89+0.13 pM for BEL-
7402 cells. Anti-proliferation of SSPH I on HepG2 and BEL-
7402 cells, was further confirmed by colony formation assay
(Figure 1C), where SSPH I with concentration ranging from
1.75 to 3.5 uM significantly prohibited the colony number of
HepG?2 cells or BEL-7402 cells, comparing with the vehicle
control group.

SSPH | Increased Apoptosis in HepG?2
Cells

To underlie the molecular mechanism of the anti-cancer
cytotoxicity of SSPH I, we thereupon investigated whether
this agent induces apoptosis. As shown in Figure 1D,
treatment with SSPH 1 triggered HepG2 cell apoptosis in
a concentration-dependent manner. By contrast, apoptosis
rate of HepG2 cell treated with SSPH I (5.8 uM) is quite
closed to that with Taxol treatment (0.5uM). This result
suggests that cell apoptosis induced by SSPH I is involved
in the cytotoxic effect against HCC cells.

SSPH | Induced Autophagosome
Formation but Inhibited Autophagy Flux
To study the effects of SSPH I on autophagy, we tested
autophagy-related proteins of HepG2 cells by Western
blotting. The results showed that the protein expression
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Figure | The effects of SSPH | on the proliferation and apoptosis of human hepatocellular carcinoma cell lines HepG2 and BEL-7402. (A) The molecular structure of SSPH
I. (B) Inhibition ratio of SSPH | on HepG2 and BEL-7402 cells for 24 h by MTT assay. (C) Anti-proliferation of SSPH | on HepG2 and BEL-7402 cells for 24 h by colony
formation assay. (D) The effects of SSPH | on apoptosis of HepG2 cells. Taxol was used as a positive control. Experiments were performed for three independent times. *P <
0.05, P < 0.01, ***P < 0.001 vs untreated cells.
Abbreviations: P, propidium iodide; EGFP, enhanced green fluorescent protein.
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of LC3-1I increased with the increasing of SSPH
I concentration, while the expression of LC3-I decreased
accordingly, that suggested the LC3 protein was shifted
from cytoplasmic form (LC3-I) to autophagosomal form
(LC3-I) (Figure 2A and B). This effect of SSPH I was
dose-dependent  (Figure 2A) time-dependent
(Figure 2B). However, p62, whose expression is inversely
proportional to the autophagy activity, showed a tendency
of increasing (Figure 2A and B), indicating that the cells
did not generate autophagy flux.

In order to further confirm the existence of specific
solid autophagy flow, we detected the autophagic response
of the cells to SSPH I in the presence or absence of
a lysosomal acidification inhibitor CQ. Similar to SSPH
I, CQ induced significant upregulation of LC3-II and p62
in HepG2 cells, and CQ and SSPH I had synergistic effect
on LC3-II and p62 (Figure 2C). The result showed that the
autophagy flux did not increase after SSPH I treatment.

and

In addition to testing the changes in protein expression, the
morphology of cells and organelles was observed by TEM
(Figure 2D). The obtained images showed the nuclear divi-
sion, chromatin concentration and cell contraction induced by
SSPH 1, which are the characteristics of apoptosis. In addition,
the accumulation of cytoplasmic vacuole and autophagy was
also obvious. However, there is no autolysosome. Therefore,
the increase of autophagosomes induced by SSPH I is prob-
ably due to the inhibition of autolysosome formation.

SSPH | Promoted the Lysosomal
Degradation

For the purpose of determining the possible cause of down-
stream blockage of autophagosome formation by SSPH I, we
examined the key proteins of the lysosomal membrane and the
lysosomal cathepsins by Western blotting. As shown in
Figure 3, we found that SSPH I inhibited the expression of
lysosomal membrane proteins LAMP1 and LAMP2A in
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Figure 2 SSPH | induced dysregulation of autophagy in HepG2 cells. (A) Effects of different concentrations of SSPH | on LC3-Il and pé2 levels in HepG2 cells. (B) Effects of
SSPH | on LC3-Il and p62 levels in HepG2 cells at various time points. (C) Effect of SSPH | (2.91 uM) on the protein level of LC3-Il and p62 in HepG2 cells in the presence or
absence of CQ (25 uM). (D) TEM images illustrating the morphology of untreated HepG2 cells (left panels) and cells treated with 2.91 uM SSPH | (right panels). White
arrows: vacuole-like structures; black arrows: autophagosomes. Experiments were performed for three independent times. *P < 0.05, **P < 0.01, ***P < 0.001 vs untreated

cells.

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; CQ, chloroquine; TEM, transmission electron microscopy.
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a dose-dependent manner (Figure 3A), as well as the lysosomal
cathepsins proteins cathepsin B and cathepsin D (Figure 3B).
The change pattern of protein expression in the cells indicated
that the blockage of autolysosome formation might be related
to the SSPH I mediated lysosomal degradation.

SSPH | Induced Intracellular ROS

Accumulation

To investigate the mechanism of SSPH I in promoting apop-
tosis and suppressing autophagy, we examined the upstream
of autophagy and apoptosis. As shown in Figure 4A, SSHP
I treatment induced ROS generation in a concentration-
dependent manner. When the increased ROS was blocked
by the NAC pretreatment, the high expression of LC3-1I and
p62 proteins induced by SSPH I decreased (Figure 4B), and
the high apoptosis rates and ROS generation induced by
SSPH 1 were both decreased simultaneously (Figure 4C
and D). Based on the above results, we believed that SSPH
I could induce the accumulation of ROS, and thereby mediate
the inhibition of autophagy and promotion of apoptosis.

SSPH | Activated the MAPK/ERK /2
Signaling Pathway

As shown in Figure 5A, when compared with the control
group, the protein expression of ERK1/2 phosphorylation,

A
SSPH I (M)
0 0.73 146 2.91
LAMPY | fl ol fios
HepG2 | LAMP2A |fumml M b *
GAPDH | (D G 4
B
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0 0.73 1.46 291
— — -
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LC3-II and p62 increased with SSPH 1 treatment. When the
increase of ERK1/2 phosphorylation induced by SSPH I was
blocked by U0126, the expression of LC3-II and p62 proteins
decreased compared with the cells treated by SSPH I alone,
indicating that the inhibition of autophagy was reversed by
inhibiting ERK1/2 phosphorylation (Figure 5A). Additionally,
when compared with the control group, the protein expression
of caspase-3 and caspase-9 were both downregulated (even
though there was no significant difference, it showed the
downregulated trends) (Figure 5A) and the fluorescence
value increased significantly (Figure 5B), when they were
blocked by U0126, the protein expression of caspase-3 and
caspase-9 were both upregulated (Figure 5A) and the fluores-
cence value decreased significantly (Figure 5B), indicating
that the SSPH I-enhanced caspases-dependent apoptosis
were reversed by inhibiting ERKI1/2 phosphorylation.
Furthermore, Hoechst 33,258 staining showed that SSPH
I could activate HepG2 cell apoptosis and cause chromatin
concentration, nuclear atrophy, nuclear fragmentation,
enhanced fluorescence intensity (Figure 5B). In the presence
of UO0126, the apoptotic effect of SSPH I decreased
(Figure 5B). Lyso-Tracker Red and Magic Red Cathepsin
B confirmed that U0126 could reverse the deduced number
of lysosomes and the inhibited activity of cathepsin B by
SSPH I (Figure 5C). Together, these data provided additional

evidence for the involvement of the ROS and MAPK/ERK
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Figure 3 Effect of SSPH | on lysosomal membrane proteins and protein levels of lysosomal cathepsins in HepG2 cells. (A) Effect of SSPH | on the level of LAMPI and
LAMP2A. (B) Effect of SSPH | on the level of cathepsins B and D in HepG2 cells. *P < 0.05, **P < 0.01, ***P < 0.001 vs untreated cells.

Abbreviation: GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

OncoTargets and Therapy 2020:13

submit your manuscript

5985

Dove


http://www.dovepress.com
http://www.dovepress.com

Zhou et al Dove
A Control SSPH | (2.9 uM) SSPH | (4.4 uM) SSPH I (5.8 uM)
20 HZDCF-DA H2DCF-DA e H2DCF-DA w0 HZDCF-DA
° 200 0 456 60.0 97.1 -
> — p—_— [
@D | 2009 >
» 1001 2
Q [ =1 ] =1 3
5 x
- 100
e 09 *] 1004 2
[ a =
" g
£ g
E|° : - - 0 T T B e d - r . =
100 o' 102 00 1t 0w 10 w0 0 10? 0 100 1o 10? 100 10t -
H2DCF-DA
B Lcs-n
2.0 62
e E - EA p!
v € 215
¥ -
o 210
LC3- 1| mwm s et o ol
HepG2 | rcan| o £ o
2 505
X
GAPDH m‘ g5
SSPHI1(2.91 uM) - - + +
NAC (10 mM) - + - +
c I Control
EEINAC
+
- Control < . . NAC + SSPH | 100- —SSPH |
27a N °YA ] 2 ; EEINACH+SSPH |
1.23% 3.11% : 16%
29 2 2 2 o %
.g. -
2 60
z v ) % ge @
- ' i Y B g_ 3
14.02% 0.70% ]
- T 40
e 24 21 ‘d:)
=
: 20
) o B o
2 ) TR ]
100 10! 102 108 104 0
Annexin V-EGFP Control Early stage  Late stage
Control NAC SSPH | SSPH I+NAC
— H2DCF-DA 300 H2DCF-DA H2DCF-DA 200 7 H2DCF-DA
g 228 645 94.0 442 3
g —_— —_——— ] 4
£ |- ] 8
e 3
f 2004 =] 100 7 14
© [
= 100 8
=z | 100 0 2
o [}
©
. . . g
£ T T T A Bmaat pemati T T J ¢ T T T =
R I U A R S A R A S A A £
H2DCF-DA Control  NAC ~ SSPHI NAC+SSPHI

Figure 4 SSPH | induced the intracellular ROS of HepG2 cells and the effect of ROS on the autophagy and apoptosis. (A) Effect of SSPH | on the intracellular ROS
accumulation in HepG2 cells. (B) Effect of the combination of SSPH | (2.91 uM) and NAC (10 mM) on p62 and LC3-Il levels in HepG2 cells. (C) Effect of the combination of
SSPH 1 (5.8 uM) and NAC (10 mM) on apoptosis in HepG2 cells. (D) Effect of the combination of SSPH | (5.8 uM) and NAC (10 mM) on intracellular ROS level of HepG2
cells. Experiments were performed for three independent times. **P< 0.01, *P< 0,001 vs untreated cells; *P<0.05, *#P < 0.001 vs SSPH I-treated cells.

Abbreviations: ROS, reactive oxygen species; H2DCF-DA, 2'7'-dichlorodihydrofluorescein diacetate; NAC, N-acetyl-cysteine; GAPDH, glyceraldehyde-3-phosphate

dehydrogenase; Pl, propidium iodide; EGFP, enhanced green fluorescent protein.

signaling pathways, by which SSPH I promotes apoptosis and
suppresses the autophagy in HepG2 cells.

Discussion

Cancer cells have the characteristic of infinite proliferation.?’”
We used MTT assay and clone formation test to prove the
effect of SSPH I on the viability of HepG2 and BEL-7402

cells. MTT assay, a method for detecting cell viability, is
mostly used to reflect the short-term cell viability due to
its characteristics of simplicity and rapid. While clone forma-
tion test is mostly used to evaluate the integrity of cell repro-
duction, particularly in reflecting the long-term therapeutic
effect of drugs with the advances of better accuracy and
reliability. The results showed that SSPH I possessed similar
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anti-viability and anti-proliferative effects against HepG2 and
BEL-7402 cells in a concentration dependent manner. For this
reason, we took HepG2 cell line, which is more sensitive to
SSPH 1, to explore the mechanism of effective anti-tumor
action of SSPH I. We found that SSPH I promoted apoptosis
of HepG2 cells, and this conclusion was supported the char-
acteristics of apoptosis by TEM as well.

The WB results indicated that SSPH I induced the changes
of LC3. However, the process of autophagy cannot be judged
only by the changes of LC3. Autophagic flux, the process of
autophagy, starts with the formation and maturation of autop-
hagosome, and then the autophagosome fuses with lysosomes
to form an autolysosome, by which the autophagic substrates
are ultimately degraded.”® The increased shift of LC3-I to
LC3-II only indicates that the accumulation of autophago-
somes but does not indicate an actual increase in the autop-
hagy flux.”” Therefore, to confirm autophagy regulatory
activity, it is highly recommended to use multiple indicators
such as autophagic substrate p62 or RFP-GFP-LC3, and acti-
vators and inhibitors of this process, such as CQ or
bafilomycin.***' Thus, we used p62 and CQ to identified
autophagy regulatory activity, and found p62 increased time-
dependently and dose-dependently, and SSPH 1 increased
LC3 and p62 as CQ did. These results indicated that autop-
hagy-lysosome fusion was blocked by SSPH 1.

Autophagy dependent cell death is a regulated cell death
determined by autophagy mechanism, which is mainly used
for adaptive cell protection. In some cases of hepatotoxicity,
autophagy dependent apoptosis can be induced in hepato-
cytes through lysosomal mitochondrial axis.**> Lysosomal
dependent cell death is a regulated type of cell death caused
by lysosomal membrane permeability (LMP), which is
related to inflammation, tissue degradation, aging, neurode-
generation and intracellular pathogen response. Due to the
process of apoptosis and necrosis, LMP may occur after
mitochondrial membrane permeability.® However, lyso-
somes can penetrate into mitochondria before Bax raised
lysosomal membrane. Oxidative stress and lipid peroxidation
of lysosomal membrane may also contribute to LMP.
Primary LMP can also be produced by tumor necrosis factor.
In autophagy, the lysosome needs the activity of protease to
degrade cell macromolecular protein. Cathepsin, the main
lysosomal protease, plays an important role in maintaining
cell homeostasis and differentiation by recovering cell
contents.>® In addition, since the lysosomal associated mem-
brane proteins LAMP1 and LAMP2A are essential for the
fusion of autophagy and lysosome,***> we detected the pro-
teins levels of LAMP1, LAMP2A, CTSB and CTSD to

further elucidate the molecular mechanism of SSPH
I inhibiting autophagy in HepG2 cells. The results showed
that SSPH 1 significantly decreased the protein levels of
LAMP1 and LAMP2A in HepG2 cells. Taken together,
these results indicated that SSPH I could inhibit lysosomal
protein hydrolytic activity by changing lysosomal pH and
down regulating CTSB and CTSD protein levels, and inhibit
autophagy of HepG2 cells by consuming LAMPI and
LAMP2A protein to cause the fusion of autophagosome
and lysosome to be blocked.

Mitogen-activated protein kinase (MAPK) signal trans-
duction pathway organizes a huge network to regulate several
physiological processes, such as cell growth, differentiation
and apoptosis cell death. Because of the importance of this
signaling pathway, the maladjustment of MAPK signaling
cascade involves the pathogenesis of various human cancer
types. Oxidative stress is one of the important factors, which
leads to carcinogenesis through the disorder of the signaling
pathway. Reactive oxygen species (ROS) are by-products of
oxidative energy metabolism and represent important physio-
logical regulators of several intracellular signaling pathways,
including the MAPK pathway.'* Although the proliferation of
cancer cells can be stimulated by low dose of superoxide or
hydrogen peroxide, excessive ROS levels can lead to irrever-
sible damage of cancer cells. Moreover, enhanced mitochon-
drial oxidative stress results in caspases activation and cell
death.*® As a member of the MAPK family, the ERK signaling
pathway has been found playing an important role in various
aspects of cell biological functions including proliferation,
differentiation, autophagy, and death.*’=® It has been pre-
viously documented that SSPH I increases ROS levels in
HCC in vivo and in vitro, and produces sustained activation
of the ERK1/2 signaling pathway, and then results in inhibit-
ing proliferation and inducing apoptosis.®® In our present
study, SSPH I inhibited autophagy and induced apoptosis of
HepG2 cells by increasing ROS mitochondrial pathway and
activating MAPK/ERK1/2 signal pathway. When the inhibi-
tion of autophagy was blocked by ERK1/2 inhibitor U0126
(Figure 5) or ROS inhibitor NAC (Figure 4), the induction of
apoptosis was partially blocked, suggesting that SSPH I may
inhibit autophagy of HepG?2 cells by activating MAPK/ERK1/
2 signaling pathway and improving ROS mitochondrial path-
way to promote apoptosis.

In conclusion, the present study identified the anti-cancer
activity of the novel SSPH I steroidal saponin in vitro, and
revealed the underlying mechanism of the suppressed autop-
hagy and promoted apoptosis after the treatment for the first
time, where the involvement of ROS and MAPK/ERK1/2
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signaling pathway is highlighted (Figure 6). Our present of HCC or even other cancer types. Further tests are still
study therefore suggests that SSPH I is expected to be required to confirm the efficacy of this drug in animal models
anovel chemical drug and provide an option for the treatment  and clinical trials.
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Figure 6 The proposed mechanism of the anti-cancer effect of SSPH | in vitro model of HCC. The lysosomal function was impaired by SSPH |, resulting in the
autophagosome—lysosome fusion, consequently, exerting antiproliferative action and induces caspase-dependent apoptosis in HepG2 cells. The mechanism was verified using
the autophagy inhibitor CQ, ROS inhibitor NAC, and MEK inhibitor U0126. The obtained results indicated that the inhibition of autophagy-dependent apoptosis of HCC
cells by SSPH | could be attributed to the increase in ROS and MAPK/ERK /2 signaling pathway.

Abbreviations: HCC, human hepatocellular carcinoma; CQ, chloroquine; NAC, N-acetyl-cysteine; ROS, reactive oxygen species; MAPK, mitogen-activated protein kinase;
ERK, extracellular signal-regulated kinase; MEK, mitogen-activated protein kinase kinase.
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