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Silibinin induced-autophagic and apoptotic death is associated with
an increase in reactive oxygen and nitrogen species in HeLa cells
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Abstract

Silibinin, as the major active constituent of silymarin, has its various biological effects. Here, we investigated the inhibi-
tory effects of silibinin on Hel.a cell growth in relation to autophagy and apoptosis induced by reactive oxygen species
(ROS) and reactive nitrogen species (RNS) generation. Silibinin dose and time-dependently decreased cell growth cultured
in medium containing 10% fetal bovine serum or in serum free media (SFM) with an IC, of approximately 80-100 and
40-60 UM at 24 h, respectively. Silibinin induced autophagy at 12 h, confirmed by monodansylcadervarine (MDC) stain-
ing and up-regulation of beclin-1, and induced apoptosis at 24 h, detected by observation of apoptotic bodies and activa-
tion of caspase-3. 3-methyladenine (3-MA) inhibited silibinin-induced autophagy and attenuated the silibinin’s inhibitory
effect on cell viability, suggesting that autophagy enhanced silibinin-induced cell death. Silibinin increased ROS levels at 12
h, and ROS scavenger, N-acetylcysteine (NAC), significantly reversed the cytotoxicity of silibinin through inhibiting both
autophagy and apoptosis. Specific antioxidants were applied and results indicated that hydroxyl radical (-:OH) was the major
ROS induced by silibinin, and OH scavenger glutathione (GSH) inhibited apoptosis and autophagy. Silibinin also generated
RNS production in the cells at 12 h. High concentration of N omega-nitro-l-arginine methyl ester (L-NAME) as nitric oxide
synthase (NOS) inhibitor attenuated the cytotoxicity of silibinin by decreasing ROS levels, leading to down-regulation of
apoptosis. Silibinin also could interrupt the respiring functions of mitochondria, leading to ROS production and oxidative
damage.
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Introduction superoxide dismutase (SOD) activity [10]. Silibinin

was also found to promote cell protective superoxide
anion (O,7) production in human breast cancer

Silibinin, also known as silybin, is the major active
constituent of silymarin, the mixture of flavonolign-

ans extracted from blessed milk thistle (Siybum
marianum). Both i vitro and animal studies show that
silibinin has hepatoprotective (antihepatotoxic)
properties[1-3]. Silibinin also has anti-cancer effects
against human prostate adenocarcinoma, estrogen-
dependent and -independent breast carcinoma, ecto-
cervical carcinoma, colon cancer and both small and
nonsmall lung carcinoma cells[4-8]. Our previous
researches demonstrated that silibinin exhibited anti-
apoptotic effect on isoproterenol-treated rat cardiac
myocytes by decreased expression of NO and induc-
ible nitric oxide synthase (iNOS) [9] and by increased

MCEF-7 cells and exogenous SOD markedly enhanced
silibinin-induced apoptosis [11]. Silibinin induced
reactive oxygen species (ROS) and reactive nitrogen
species (RNS) generation and there existed an inter-
regulation pattern between RNS and ROS in human
breast carcinoma MCF-7 cells [12]. In human fibro-
sarcoma HT1080 cells, silibinin displayed cytotoxic
effect through a reactive oxygen species pathway and
hydrogen peroxide (H,O,) was the major responsive
ROS [13]. In this study, silibinin induced autophagic
and apoptotic death in HeLa cells through induction
of ROS and RNS generation.
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ROS include O,7, H,0, and OH. ROS regulate
many important cellular events including transcription
factor activation, gene expression, cell differentiation
and proliferation [14]. ROS is generated as a natural
byproduct of cellular metabolism, primarily in the
mitochondria. Under normal conditions, ROS were
balanced by cell’s antioxidant defence systems. How-
ever, under environmental stress, ROS levels increased
dramatically. This might result in significant insult to
cellular structures. ROS cause tissue damage by react-
ing with lipids in cellular membranes, nucleotides in
DNA and sulphydryl groups in proteins [15].

RNS such as nitrosonium cation (NO™), nitroxyl
anion (NO™) or peroxynitrite (ONOQO™) are a family
of antimicrobial molecules derived from nitric oxide
(‘NO) and O, produced by the enzymatic activities
of inducible nitric oxide synthase 2 (NOS2) and
NADPH oxidase. RNS acting together with ROS
cause cell damage, therefore, these two species are
often collectively referred to as ROS/RNS [16].

Autophagy, or autophagocytosis, is a catabolic
process involving the degradation of a cell’s own com-
ponents through the lysosomal machinery. It is a
major mechanism by which starving cells reallocate
nutrients from unnecessary processes to more-essen-
tial processes. Autophagy involves in cell growth,
development and homeostasis, helping to maintain a
balance between synthesis and degradation. Autophagy
resulting in the total demolition of the cell is one of
several types of programmed cell death: autophagic
cell death (also known as cytoplasmic cell death or
type II cell death) [17].

Apoptosis (type I cell death) is another type of pro-
grammed cell death in multicellular organisms. As a
homeostatic mechanism, apoptosis occurs normally
during development and aging to maintain cell popu-
lations in tissues. As a defence mechanism, apoptosis
also occurs in immune reactions or celluar damages
by diseases or noxious agents. Apoptosis leads to
morphologically characteristic cell changes including
blebbing, loss of cell membrane asymmetry and
attachment, cell shrinkage, nuclear fragmentation,
chromatin condensation and chromosomal DNA
fragmentation [18].

Silibinin’s anti-cancer potential has been investi-
gated by numerous researches on multiple cancer cell
lines [4-8, 11-13], while we still cannot confirm
whether silibinin induces cell death through the same
pathways. Our previous researches had shown that
silibinin induced protective O, ~ production in MCF-7
cells but displayed cytotoxic effect through a ROS
pathway in HT'1080 cells, therefore we focused on the
ROS/RNS level and how ROS/RNS regulate apopto-
sis and autophagy in silibinin induced HeLa cell
death. In this study, the autophagic and apoptotic
effects of silibinin were evaluated in condition of
RPMI-1640 medium containing 10% fetal bovine
serum (FBS) or without serum. Serum free medium

(SFM) could slow cell growth and increased level of
cell sensitivity to silibinin-induced autophagy and
apoptosis. The use of SFM represents an important
tool that allows cell culture to be done with a defined
set of conditions as free as possible of confounding
variables. Our previous researches had shown that the
degree of silymarin’s effect on cells changed with the
concentration of serum in medium. Cells were much
more sensitive to silymarin in medium containing
lower concentration of serum [20]. SFM also can
mimic a starvation condition to trigger autophagy
[13]. Although silibinin is a classic anti-oxidant tradi-
tional drug [19], ROS and RNS levels increased in
silibinin treated Hel.a cells. Therefore, effects of spe-
cific antioxidants were also examined in silibinin-
treated Hel.a cells in relation to cell growth, death
and ROS/RNS levels.

Materials and methods
Reagents

Silibinin was obtained from Beijing Institute of
Biological Products (Beijing, China); and its purity
was determined to be about 99% by HPLC measure-
ment. Silibinin was dissolved in dimethyl sulfoxide
(DMSO) to make a stock solution. The concentration
of DMSO in all the cell cultures was kept below 0.1%
and did not exert any detectable effect on cell growth
or death. 3-(4,5-dimetrylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT), acridine orange (AO), pro-
pidium iodide (PI), 2’,7’-dichlorofluorescein diacetate
(H,DCFDA), 4,5-Diaminofluorescein diacetate (DAF-
2DA), monodansylcadervarine (MDC), 3-methylade-
nine (3-MA), N-acetylcysteine (NAC), catalase,
superoxide dismutase (SOD), glutathione (GSH), N
omega-nitro-l-arginine methyl ester (L-NAME) were
purchased from Sigma Chemical (St. Louis, MO,
USA). Enhanced chemiluminescent (ECL) substrate
kit was purchased from Pierce Biotechnology (Rock-
ford, IL, USA). Polyclonal antibodies against cas-
pase-3 (sc-7148), cytochrome ¢ (sc-13561), beclin-1
(sc-10086), LLC3 (sc-134226), actin (sc-7210) and
horseradish peroxidase-conjugated secondary anti-
bodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). MitoTracker® Green FM,
MitoTracker® Deep Red 633 and MitoSOX™ Red
were obtained from Molecular Probes (Eugene, OR,
USA). Lipid Peroxidation MDA Assay Kit was
obtained from Beyotime Institute of Biotechnology
(Shanghai, PRC).

Cell culture

Hela cells were obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA) and
were cultured in RPMI-1640 only or supplemented
with 10% fetal bovine serum (FBS) (Dalian Biological
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Reagent Factory, Dalian, China), 2 mML-glutamine
(Gibco, Grand Island, NY), 100 U/ml penicillin and
100 ug/ml streptomycin at 37°C in 5% CO,. The cells
in the exponential phase of growth were used in
experiments.

Cell viabiliry inhibition assay

The inhibitory effect of silibinin on Hel.a cell viabil-
ity was measured by MTT assay. The cells were dis-
pensed in 96-well flat bottom micro titer plates
(NUNC, Roskilde, Denmark) at a density of 1.0 X 10%
cells per well. After 24 h incubation, they were treated
with the tested agents for the indicated time periods.
A 20 ul aliquot of MTT solution (5.0 mg/ml) was
added to each well followed by 4 h incubation and
the optical density was measured using an ELISA
reader (Tecan Spectra, Wetzlar, Germany). Each plate
contained multiple wells at a given experimental con-
dition and multiple control wells.

The percentage of cell viability inhibition was
calculated as follows:

Inhibitory ratio (%) = (A490’wmm1 - A490’Sample)/
(A490, control_A490, blank) X100

Observation of morphologic changes

The cells were divided into four groups and placed
on culture plates for 24 h incubation. Group 1 was
cultured in control RPMI-1640 with 10% FBS, group
2 was cultured in RPMI-1640 without FBS, group
3 was treated with silibinin in RPMI-1640 with
10% FBS, and group 4 was treated with silibinin in
RPMI-1640 without FBS. The cellular morphology was
observed using phase contrast microscopy (Olympus,
Tokyo, Japan).

Nuclear damage observed by acridine orange
(AO) staining

Cells were labelled with AO (a fluorescent, selective
DNA and RNA-binding dye), and then the changes
in nuclear morphology of apoptotic cells were exam-
ined. After incubation with silibinin for the indicated
time periods, the cells were stained with 20 pg/ml AO
at 37 °C for 15 min, and then the morphology was
observed by a fluorescence microscopy (Olympus,
Tokyo, Japan).

Flow cytomerric analysis using PI and MDC

Hela cells were treated with drugs for the indicated
time periods, then harvested and rinsed with cold
PBS. The cells were fixed in 70% ethanol at 4 °C for
at least 18 h. Then the cell pellets were stained with
the fluorescent probe solution containing 50 pg/ml PI
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and 1 mg/ml DNase-free RNaseA in PBS on ice in
dark for 1 h. DNA fluorescence of Pl-stained cells
was evaluated by a FACScan flow cytometry (Becton
Dickinson, Franklin Lakes, NJ, USA).

A fluorescent compound, MDC, has been used
as a tracer for autophagic vacuoles. Hel.a cells
were harvested, rinsed with PBS, and then stained
with 0.05 mM MDC at 37 °C in dark for 1 h.
After incubation, the cells were washed once with
PBS. The samples were analyzed by a FACScan flow
cytometry.

Lipid peroxidation assay

We used a commercial kit to quantify the generation
of malondialdehyde (MDA) according to the manufac-
turer’s protocol. Cells were harvested by trypsinization
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Figure 1. Effect of silibinin on HeLa cell viability. The cells were
cultured for 24 h, and then incubated with different concentrations
of silibinin (20, 40, 60, 80 and100 uM) for 12, 24 and 36 h. A:
The cells were seeded in RPMI-1640 with 10% FBS. B: The cells
were cultured without serum. Control: cells incubated in RPMI-
1640 without FBS. C: RPMI-1640 withdrawing FBS could inhibit
cell viability. The viability was determined by the MTT assay. The
data are presented as the mean = SEM of the results from three
independent experiments.
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Figure 2. Silibinin induced apoptosis in HeLa cells. A: The cells were observed by contrast microscopy (X100 magnification).
B: Changes of nuclear morphology were detected by AO staining (X400 magnification). C: The cells were stained with PI and
measured by a flow cytometry after collection. a: The cells were seeded in RPMI-1640 with 10% FBS. b: The cells were cultured
without serum. c. The ratio of M1 gated cells were calculated as the subG0/G1 ratio. D: Protein expression of caspase-3 in silibinin-
treated HeLa cells at 24 h. a: The cells were seeded in RPMI-1640 with 10% FBS. b: The cells were cultured without serum.
E: Release of cytochrome c in silibinin-treated HelLa cells at 24 h. a: The cells were seeded in RPMI-1640 with 10% FBS. b: The
cells were cultured without serum and were treated with silibinin for 24 h. Cell lysates were separated by 12% SDS-PAGE, and the
released protein was detected by Western blot analysis. The data are presented as the mean * SEM of the results from three

independent experiments.

and cellular extracts were prepared by sonication in
ice-cold buffer. After sonication, lysed cells were cen-
trifuged at 10,000 X g for 10 min to remove debris.
The supernatant was subjected to the measurement of
MDA levels. The protein concentration of each sample
was determined by a Bio-Rad protein assay reagent
(Bio-Rad, Hercules, CA, USA).

Measurement of intracellular ROS and RNS

Intracellular ROS such as H,0,, OH and ONOO™
were detected by means of an oxidation-sensitive
fluorescent probe dye, 2°, 7’-dichlorofluorescein diac-
etate (H,DCFDA). H,DCFDA is a stable non-
polar compound that readily diffuses into cells and is
hydrolyzed by intracellular esterase to yield H,DCF,
which is trapped within the cells. ROS produced by
the cells oxidize H,DCF to the highly fluorescent
compound DCF; thus, the fluorescence intensity is

proportional to the amount of ROS produced by the
cells [26]. The treated cells were incubated with
10 uM H,DCFDA in dark at 37 °C for 30 min, then
harvested and the pellets were suspended in 1 ml
PBS. The samples were analyzed by a FACScan flow
cytometry.

Intracellular (RNS) such as NO and ONOO™ were
detected by means of an oxidation-sensitive fluores-
cent probe dye, 4, 5-Diaminofluorescein diacetate
(DAF-2DA). DAF-2DA is a non-fluorescent cell
permeable reagent that is used to measure free NO
and nitric oxide synthase (NOS) activity in living
cells under physiological conditions. DAF-2DA enters
the cells and its diacetate groups were hydrolyzed
by cytosolic esterases, releasing the non-fluorescent
DAF-2. DAF-2 then reacts with NO and O, to pro-
duce DAF-2T, its triazole fluorescent derivative. The
treated cells were incubated with 10 uM DAF-2DA
in dark at 37 °C for 30 min, then harvested and the
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Figure 2. (Continued).

pellets were suspended in 1 ml PBS. The samples
were analyzed by a FACScan flow cytometry.

Measurement of different types of mitochondria

We used three types of mitochondria-specific labels
that distinguish respiring (Mitotracker deep red),
total (Mitotracker green) and ROS-generating mito-
chondria (MitoSOX).

Mitochondria in cells stained with nanomolar
concentrations of MitoTracker Green FM dye exhibit
bright green, fluorescein-like fluorescence. MitoTracker
Deep Red is well suited for multicolor labelling experi-
ments because their red fluorescence is well resolved
from the green fluorescence of other probes. MitoTracker
Deep Red does not fluoresce until it enters actively
respiring cells, where it is oxidized to the corresponding
fluorescent mitochondrion-selective probe and then
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sequestered in the mitochondria. The treated cells
were co-incubated with 200 nM MitoTracker Green
FM and 500 nM MitoTracker Deep Red in the
dark at 37 °C for 15 min, then harvested and the
pellets were suspended in 1 ml PBS. The samples
were analyzed by a FACScan flow cytometry.

MitoSOX™ Red reagent is oxidized by superox-
ide and exhibits red fluorescence. MitoSOX™ Red
reagent is readily oxidized by superoxide but not by
other ROS— or RN S—generating systems, and oxi-
dation of the probe is prevented by superoxide dis-
mutase. The oxidation product becomes highly
fluorescent upon binding to nucleic acids. The
treated cells were co-incubated with 5 UM Mito-
SOX red in the dark at 37 °C for 15 min, then
harvested and the pellets were suspended in 1 ml
PBS. The samples were analyzed by a FACScan
flow cytometry.

Western blor analysis

Both adherent and floating Hela cells were
harvested, washed twice with ice-cold PBS,
and then lysed in whole cell lysis buffer (50 um
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), pH 7.4, 1% Triton X-100, 2 mM sodium
orthovanadate, 100 mm sodium fluoride, 1 mm
Ethylene diamine tetraacetic acid (EDTA), 1 mm
Ethylene glycol tetraacetic acid (EGTA) and 1 mm
Phenylmethanesulfonylfluoride (PMSF)), supple-
mented with the proteinase inhibitors, aprotinin
10 pug/ml, leupeptin 10 pg/ml and pepstatin 100 pg/
ml at 4 °C for 1 h. After 9,500 X g centrifugation
at 4 °C for 15 min, the protein concentration was
determined by a Bio-Rad protein assay reagent
(Bio-Rad, Hercules, CA, USA). Equal amounts of
total proteins were separated by 12% SDS-poly-
acrylamide gel electrophoresis, and then electrob-
lotted onto nitrocellulose membranes. Proteins
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(Continued).

were detected with indicated primary antibodies
and horseradish peroxidase (HRP)-conjugated sec-
ondary antibody and visualized by using ECL sub-
strate kit.

Statistical analysis

All data represented at least three independent exper-
iments and were expressed as mean = SEM.The data
were analyzed by ANOVA using Statistics Package for
Social Science software (version 13.0; SPSS, Chicago,
IL, USA) and LSD-post-hoc test was employed to
assess the statistical significance of difference between
control and treated groups. P-values of less than 0.05
were considered statistically significant.

Results
Inhibitory effect of siibinin on HeLa cell viability

The MTT cell-viability assay demonstrated that cell
viability was significantly reduced by silibinin in a time-
and dose-dependent manner. The IC, for 24 h silibinin
treatment was 84.7 umol/LL in media containing 10%
FBS and 45.9 umol/LL in SFM, respectively (Figure.
1A, B). When serum was removed, the inhibitory ratio
of silibinin-treated Hel.a cell viability was increased to
two times at 24 h suggesting that serum could protect
HelLa cells. This result was confirmed by SFM alone
could inhibit HeL.a cell viability (Figure 1C).

Silibimin induced apoprosis in HelLa cells
cultured with or without 10% FBS

In order to determine the features of silibinin-induced
Hela cell viability reduction, the morphologic
changes of the cells were examined. Compared with
the control group cultured with or without 10% FBS,
significant morphologic changes were observed in
cells treated with silibinin for 24 h (Figure 2A). These
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Figure 4. 3-MA inhibited the cytotoxicity of silibinin to HeLa cells.
The cells were cultured in SFM for 24 h. The data are presented
as the mean = SEM of the results from three independent
experiments. “P < 0.05,P < 0.01.

changes were further confirmed by AO staining of
cell nuclei. In the control group, the nuclei of the cells
were round and homogeneously stained, but silibinin
treated cells showed a marked nuclear fragmentation
(Figure 2B). PI staining was applied to analyze the
changes of cellular DNA contents and silibinin
increased the number of cells at subG0/G1 phase in
cell cycle in a dose-dependent manner (Figure 2C).
When serum was removed, silibinin could induce
more significant morphologic changes at a lower dose
(Figure 2A and B) and the subG0/G1 ratio of silibinin-
treated Hela cells was increased at 24 h (Figure 2C).

The best recognized biochemical hallmark of both
early and late stages of apoptosis is the activation of
cysteine proteases (caspases). Detection of active cas-
pase-3 in downstream death pathway is an important
method for apoptosis induced by a wide variety of apop-
totic signals [21]. It was found that silibinin induced
apoptosis by elevated expression of active caspase-3 in
HeLa cells either cultured in media containing 10%
FBS (Figure 2Da) or SFM (Figure 2Db). In cells
undergoing apoptosis, the release of cytochrome ¢ from
the mitochondria to the cytoplasm has been used as
characteristic of apoptosis [22]. Silibinin induced apop-
tosis by elevated release of cytochrome ¢ from the mito-
chondria to the cytoplasm in the cells either cultured
in media containing 10% FBS (Figure 2Ea) or SFM

Figure 3. Silibinin induced autophagy in Hela cells. A: Cellular
fluorescent density was examined in the absence or presence of
silibinin at 12 h (X400 magnification); the cells were labelled with
MDC. B: Quantitative analysis detected a positive ratio of MDC
staining by flow cytometry. The cells were treated with silibinin (40
or 80 uM) and/or 3-MA (2 mM), and harvested after 12 h. a: The
cells were seeded in RPMI-1640 with 10% FBS. b: The cells were
cultured without serum. c: The ratio of M1 gated cells were
calculated as the MDC positive ratio. C: Protein expression of
beclin-1 and L.C3 in silibinin-treated HeL.a cells cultured in SFM
at 12 h. Cell lysates were separated by 12% SDS-PAGE, and the
protein expression were detected by Western blot analysis. The data
are presented as the mean = SEM of the results from three
independent experiments. *P < 0.05.
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Figure 5. Silibinin induced apoptosis and autophagy by ROS production in HeLa cells. A: ROS level was detected by a flow cytometry
staining with DCF-DA. a: The cells were incubated with silibinin (50 pM) or co-incubated with NAC (2.5 mM) for 12 h. b: The cells
were incubated with silibinin (50 UM) or co-incubated with 3-MA for 12h. The ratio of M1 gated cells were calculated as the DCF-DA
positive ratio. B: The cells were incubated with silibinin or co-incubated with NAC for 24 h, and the inhibitory ratio was measured by
MTT assay. C: a: The MDC fluorescent intensity of treated cells was analyzed by a flow cytometry. The ratio of M1 gated cells were
calculated as the MDC positive ratio. b: The cells were stained with PI and measured by a flow cytometry after collection. The ratio of
M1 gated cells were calculated as the subG0/G1 ratio. The data are presented as the mean = SEM of the results from three independent
experiments. *P < 0.05, **P < 0.01.

(Figure 2Eb). The silibinin-induced capase-3 protein
activation and cytochrome c release increased in HelLa

cells cultured in SFM compared to the cells cultured in

media containing 10% FBS (Figure 2D, E). These
results suggested that silibinin could induce apoptotic

cell death in Hel_a cells.

Silibinin induced autophagy in HeLa cells cultured with
or without 10% FBS

In our previous researches, silibinin induced auto-
phagy in multiple cell lines; therefore, we examined auto-

phagy in silibinin treated Hel.a cells. Auto-fluorescent
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compound MDC was used for i vivo labelling of
autophagic vacuoles [23]. Compared with the control
group, the silibinin-treated group showed higher fluo-
rescent intensity and more MDC labelled particles
were detected at 12 h (Figure 3A), representing that
silibinin increased MDC recruitment to autophago-
somes in the cytoplasm of the cells. Subsequently, the
flow cytometric analysis also showed that the percent-
age of MDC-positive cells treated by silibinin was
increased compared to those in the control group.
Autophagy was more significant in the silibinin
(40 uM) treated cells cultured in SFM for 12 h than
those treated by higher dose (80 uM) of silibinin in
RPMI-1640 containing 10% FBS. The specific
autophagic inhibitor 3-MA [24] decreased the num-
ber of MDC-positive cells (Figure 3B).

Beclin 1, the mammalian orthologue of yeast Atg6,
is part of the class III phosphatidylinositol 3-kinase
(PI3K) complex that induces autophagy [25].
Microtubule-associated protein light chain 3 (LC3)
is now widely used to monitor autophagy. Endoge-
nous LC3 is detected as two bands in SDS-PAGE
and immunoblotting: LC3-1I, which is cytosolic, and
the other LC3-II, which exists on cytoplasmic mem-
branes and autophagosomes, and much less on
autolysosomes. The amount of LLC3-II is related to
the number of autophagosomes, serving as a good
indicator of autophagosome formation [27]. Silibi-
nin induced much more significant autophagy in

cells cultured in SFM, therefore we focused on
protein expression of beclin 1 and LC3-II in cells
cultured in SFM. Protein expression of beclin 1 and
LC3-II were up-regulated in silibinin-treated cells
cultured in SFM at 12 h, and 3-MA reversed this
effect of silibinin (Figure 3C).

Since the cells cultured in SFM were much more
sensitive to silibinin, our following experiments were
focused on cells cultured in SFM, and all data shown
were the effects of silibinin on the Hela cells in the
serum free culture.

Inhibition of autophagy elevated survival of
sthbinin-treated HeLa cells

Autophagy is a process for turnover of intracellular
organelles and molecules that protects cells during
stress responses. At the same time, extensive autophagy
is commonly observed in dying cells, leading to its
classification as an alternative form of programmed
cell death [28]. Cell death is also triggered by
autophagic degradation of apoptosis inhibitors [29].
MTT assay indicated that 3-MA decreased the inhib-
itory effect of silibinin on Hel a cell viability in serum
free culture (Figure 4). High dose (4 mM) of 3-MA
exhibited inhibition to cell viability, and 2 mM
of 3-MA showed the maximum protection to cells.
Silibinin-induced autophagy led HelLa cells to death,
instead of survival (Figure 4).
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Figure 6. OH was the major ROS that participated in silibinin-induced cell death. The cells were incubated with silibinin (50 uM) or
co-incubated with specific ROS scavengers. NAC (2.5 mM), GSH (2.5 mM), CAT (100 U/ml), SOD (100 U/ml). A: ROS level was
detected by a flow cytometry stained with DCF-DA. The ratio of M1 gated cells were calculated as the DCF-DA ratio. B: The inhibitory
ratio was measured by MTT assay. C: The positive ratio of MDC staining was analyzed by a flow cytometry. The ratio of M1 gated cells
were calculated as the MDC ratio. D: The cells were stained with PI and measured by a flow cytometry after collection. The ratio of M1
gated cells were calculated as the subG0/G1 ratio. The data are presented as the mean = SEM of the results from three independent
experiments. *P < 0.05; **P < 0.01.
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Figure 6. (Continued).

Silibinin induced apoptosis and autophagy by ROS
increase in HeLa cells

Though silibinin is a classic anti-oxidant drug, ROS
level was increased in silibinin treated Hela cells in
serum free culture. NAC, a ROS scavenger, markedly
decreased the level of ROS in silibinin treated Hel.a
cells (Figure 5Aa). 3-MA also inhibited generation of
ROS (Figure 5Ab), indicating that inhibition of
autophagy reduced ROS in the cells. NAC decreased
the inhibitory effect of silibinin on Hel.a cell viability
in serum free culture, but high dose (10 mM) of NAC
exhibited inhibition to the cell viability (Figure 5B).
To investigate whether the protection of NAC was
attributed to autophagy or apoptosis, MDC and PI
staining were applied, and NAC treatment lowered
MDC positive ratio (Figure 5Ca), furthermore,
NAC reduced the number of cells at subGO0/G1 phase
(Figure 5Cb). Autophagic and apoptotic cell death is

related to ROS increase, and ROS scavenger NAC
could rescue the cells by reversing both apoptosis and
autophagy in silibinin-treated HelLa cells.

Hydroxyl radical (-OH) was the major ROS induced
by silibinin

Forms of ROS in silibinin-treated cells in serum free
culture were determined by exogenous enzyme antioxi-
dants (SOD, catalase) or non-enzyme antioxidants
(NAC, GSH). The generation of ROS was evaluated by
DCF-DA staining. OH scavenger GSH-treatment
reduced ROS level significantly. Catalase treatment
slightly reduced ROS level and SOD had no effect on
ROS level (Figure 6A). It has been reported that catalase
is used by cells to rapidly catalyze the decomposition of
hydrogen peroxide (H,O,) into less reactive gaseous
oxygen and water molecules [30], and SOD specifically
catalyzes the reduction of superoxide anions (O,") [31].
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Figure 6. (Continued).

Hydroxyl radical is the major form of intracellular ROS
generated by silibinin in HelLa cells. Contribution of
antioxidants to viability of silibinin-treated cells was
measured by MTT assay. GSH reversed the inhibitory
effect of silibinin on Hel.a cell viability in serum free
culture, while catalase and SOD had no such effect
(Figure 6B). Autophagy of cells in media with different
antioxidants plus silibinin was examined by MDC stain-
ing. GSH significantly decreased MDC positive ratio
(Figure 6C), indicating that silibinin-induced autophagy
in the cells was also mainly mediated by OH. Apoptosis
of cells in media with different antioxidants plus silibinin
was examined by PI staining. Results showed that all
types of ROS scavenger decreased the number of cells
at subGO0/G1 phase (Figure 6D). It was concluded that
GSH decreased ROS level and protected the cells. Sili-
binin-induced hydroxyl radical inhibited cell viability
mainly through autophagy, but not apoptosis.

Sihibinin induced apoprosis and autophagy by RNS
increase in HelLa cells

RNS level was increased in silibinin treated Hel.a
cells as well as ROS level. Silibinin increased RNS

level in a dose-dependent manner (Figure 7Aa).
Overexpression of NOS resulted in cytotoxic concen-
trations of NO and RNS which led to cell death. High
dose of L-NAME was used as NOS inhibitor, and
decreased the RNS level (Figure 7Ab). MTT assay
was used to examine the protective effect of L-NAME
on cells treated by silibinin. High dose of L-NAME
decreased the inhibitory effect of silibinin in serum
free culture (Figure 7 B). To investigate whether the
protection by L-NAME was attributed to apoptosis
or autophagy, PI and MDC staining were applied.
L-NAME treatment reduced the number of cells
at subGO0/G1 phase (Figure 7Ca). Furthermore,
L-NAME lowered MDC positive ratio (Figure 7Cb).
Both ROS scavengers and 3-MA could decrease RNS
level in silibinin-treated HelLa cells (Figure 7D), sug-
gesting that RNS level was associated with ROS level
in silibinin-treated Hel a cells.

Sitlibinin triggered the cell damage by interruption
of the respiring function of mitochondria

One of the important aspects of damage caused
by ROS is the oxidation of lipids. To determine if
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Figure 7. Silibinin induced apoptosis and autophagy through RNS in HeLa cells. A: RNS level was detected by a flow cytometry staining
with DAF-2DA. a: The cells were incubated with different concentrations of silibinin for 12 h. b: The cells were incubated with silibinin(50
UM) or co-incubated with L-NAME (800 uM) for 12 h. The ratio of M1 gated cells were calculated as the DAF-2DA ratio. B: The cells
were incubated with silibinin or co-incubated with different concentrations of L-NAME for 24 h, and the inhibitory ratio was measured
by MTT assay. C: a: The cells were incubated with silibinin or co-incubated with L-NAME (800 uM) for 24 h. Then cells were stained
with PI and measured by a flow cytometry after collection. The ratio of M1 gated cells were calculated as the subGO0/G1 ratio. b: The
cells were incubated with silibinin or co-incubated with L-NAME (800 uM) for 12 h. Then MDC fluorescent intensity of treated cells
was analyzed by a flow cytometry. The ratio of M1 gated cells were calculated as the MDC ratio. D: The cells were incubated with silibinin
or co-incubated with specific ROS scavengers and 3-MA, and the RNS level was detected by a flow cytometry. The ratio of M1 gated
cells were calculated as the DAF-2DA ratio. The data are presented as the mean = SEM of the results from three independent experiments.
*P < 0.05.
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Figure 7. (Continued).

silibinin can trigger this damage, we measured the lipid
peroxidation in Hel.a cells treated with different con-
centrations of silibinin. We found that MDA generation
was increased tol.7 fold by 50 uM silibinin and to 4
fold by 100 uM silibinin (Figure 8A), indicating that
silibinin up-regulated the ROS level in Hel.a cell and
triggered the oxidative damage. In one of our col-
leagues’ research, observation showed that silibinin
might affect the mitochondrial respiratory chain to up-
regulated the ROS level [11]. To investigate whether
silibinin caused the oxidative damage by interrupting
the respiratory chain, we used three types of mitochon-
dria-specific dye which distinguish respiring
(Mitotracker deep red), total (Mitotracker green) and
ROS-generating mitochondria (MitoSOX). Respira-
tory chain complex I and complex III were the sites
where electrons leak to oxygen and result in superoxide
production [46]. In agreement with previous reports
[47], administration of the complex I inhibitor rote-
none and complex III inhibitor antimycin A resulted
in robust ROS production (Figure 8B). Silibinin (50
UM) increased the ratio of respiration-interrupted
mitochondria but did not obviously affect the ratio of
superoxide -generating mitochondria (Figure 8Ba and
b). Since MitoSOX is readily oxidized by superoxide
but not by other ROS or RNS, silibinin might
not affect the production of superoxide anions in

mitochondria (Figure 8Ba). This result is in agreement
with aforementioned results that superoxide anions were
not the major ROS induced by silibinin. Silibinin could
interrupt the respiring function of mitochondria, leading
ROS production and resultant oxidative damage.

Discussion

Silibinin was reported to have anticancer and anti-
oxidant properties. Our previous studies showed that
silibinin exhibited dual effects on multiple cell lines.
Silibinin prevented UV-induced HaCaT cell apopto-
sis partially through inhibition of caspase-8 pathway
[32], while silibinin induced autophagic and apop-
totic cell death in HT1080 cells [13]. Silibinin
enhanced HT1080 cell growth at low dose and short-
time culture, while silibinin inhibited cell growth at
higher doses and longer-time culture in the cells [13].
In this study, silibinin suppressed HeLl.a cell growth.
These results indicated that the function of silibinin
was switched by different signals in multiple cell
lines. More significant inhibitory ratio was observed
under the nutrient deprivation condition mimicked
by serum-withdrawal in Hel.a cells, similar to in
HT1080 cells. This result suggested that silibinin
induced more obvious cell growth suppression in
aggravated environment.
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Figure 7. (Continued).

Silibinin could induce apoptosis and autophagy in
Hela cells; however the functional relationship
between autophagy and apoptosis is complex.
Autophagy not only provides a survival advantage to
the cells undergoing nutrient deprivation or other
stresses but also links to the actual death process
itself. Both autophagy and apoptosis lead to cell
death, and they act as partners. They may act

independently in similar pathways, or one may be
influenced by another. Autophagy has been shown to
be necessary for apoptotic cell death, placing it
upstream of apoptosis, whereas modulating an inde-
pendent means of death [33]. After inhibition of
autophagy with 3-MA, inhibitory ratio declined, sug-
gesting that autophagy induced by silibinin might
enhance Hel a cell death.
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Figure 8. Silibinin triggered the cell damage and interrupted the respiring function of mitochondria. A: Analysis of MDA generation in
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At the molecular level, the cross-talk between apop-
tosis and autophagy is manifested by the numerous
genes that are shared by both pathways. These path-
ways include mTOR [34], PI3K/Akt signal [34],
MAPK/ERK1/2 [35] and mitochondrial pathways
[36]. Mitochondria are important regulators of both
apoptosis and autophagy and are both source and
target of ROS. It was reported that ROS mediated
mitochondrially-induced autophagic [37] and apop-
totic cell death [38]. RNS is another type of free
radicals linked to ROS. RNS and ROS can induce
apoptosis by common pathways [39]. Recently, sev-
eral studies have demonstrated that RNS may be also
involved in induction of autophagy [40, 41].

ROS are molecules or ions that are formed by the
incomplete one-electron reduction of oxygen, O,
H,0,,"OH and others. It was reported that silibinin was
able to scavenge oxygen free radicals, including O,
H,0, and OH [42]. The activity of both superoxide
dismutase and glutathione peroxidase could be increased
by silibinin in human red blood cells [43]. But silibinin
was also found to inhibit cell proliferation by increasing
ROS level in glioma [44] and HT1080 cells [13]. The
mechanisms of silibinin’s dual effects are still not clear.

Our results showed that silibinin induced ROS gen-
eration in Hel.a cells, which was down-regulated by a
ROS scavenger NAC. MDC positive ratio and subGO0/
G1 ratio were also down-regulated by NAC. NAC
reversed both autophagy and apoptosis induced by sili-
binin, indicating that NAC could affect both pathways
to exert its protective effect. 3-MA, as well as NAC,
decreased ROS level in silibinin treated Hela cells. It
was reported that autophagy pathways contributed to
cell resistance against ROS damage [45] and our results
also suggested that a positive feedback existed between
autophagy and ROS. In this study, OH scavenger GSH
reduced ROS induced by silibinin, but H,0, scavenger
catalase and O, scavenger SOD had no such effect.
Silibinin induced RNS generation in HelLa, which was
down-regulated by aNOS inhibitor L-NAME.L-NAME
also reduced ROS induced by silibinin and reversed
both autophagy and apoptosis. ROS scavengers also
reduced RNS induced by silibinin. SubG0/G1 ratio of
silibinin treated cells was lower than MDC positive ratio.
ROS scavengers reduced subG0/G1 ratio but failed to
reduce inhibitory ratio.

According to these, silibinin triggered generation of
ROS, and silibinin itself could not scavenge these
ROS. Silibinin was not a ROS scavenger but an
inducer. Silibinin also triggered generation of RNS,
and induced-ROS affected this pathway. Silibinin’s
growth inhibitory effect might mainly contribute to
the induction of ROS/RNS-mediated autophagy.
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