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Abstract. Oridonin, a diterpenoid isolated from Rabdosia rubescences, could induce apoptosis
through the generation of reactive oxygen species (ROS) in human hepatoma HepG2 cells. p53,
a specific inhibitor of pifithrin & (PFT a), markedly inhibited ROS generation and apoptosis,
showing that p53 was responsible for the cytotoxity of oridonin through mediation by ROS.
Moreover, the ROS activated the p38 kinase, which in turn promoted the activation of p53, as
verified by evidence showing that the ROS scavenger N-acetyl-cysteine (NAC) not only blocked
the phosphorylation of p38 but also partially inhibited the activation of p53, and the p38 inhibitor
SB203580 reduced the activation of p53 as well. Mitochondria were either the sources or the
targets of ROS. This study showed that oridonin stimulated mitochondrial transmembrane
permeabilization in a ROS-dependent manner because NAC almost thoroughly reversed the drop
of mitochondrial transmembrane potential (4wm) and the release of cytochrome ¢ from the
mitochondrial inter-membrane space into cytosol. Furthermore, as a result of mitochondrial
permeability transition, procaspases-9 and -3 were cleaved into 37- and 17-kDa proteolytic

products, respectively, which acted as executors of oridonin-induced apoptosis.
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Introduction

Basic cancer research has produced remarkable
advances in our understanding of cancer biology and
cancer genetics. Among the most important of these
advances is the realization that apoptosis and its related
regulative genes have a profound effect on the malignant
phenotype (1). Until now, apoptosis induction by various
cytotoxic anticancer agents has almost been one of the
most effective methods for cancer therapy. Morphologic
characteristics of apoptosis include cell membrane
bebbling, cell shrinkage, chromatin condensation, and
nucleosomal fragmentation and formation of membrane-
bound apoptotic bodies (2 — 5). Apoptosis is a process in
which cell death is initiated and completed in an orderly
manner through activation and/or synthesis of gene
products necessary for cell destruction. Among these
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gene products, p53, mitogen-activated protein kinase
(MAPK) family, Bcl-2 family, and cysteine-dependent
aspartate-specific proteases (caspase) family play im-
portant roles in regulating the apoptotic process (6 —9).

Reactive oxygen species (ROS), including hydroxyl
radicals, superoxide anions, singlet oxygen, and hydro-
gen peroxide, are generated as by-products of cellular
metabolism (10, 11). Organisms have developed their
own antioxidant mechanisms including low-molecular-
weight antioxidant molecules, such as glutathiones
(GSH); melatonin; and various antioxidant enzymes
including superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GSH-Px), and glutathione
reductase. These enzyme activities are higher in the liver
than in other tissues (12). Oxidative stress indicates an
imbalance state between production of ROS and anti-
oxidant defenses. If oxidative stress persists, oxidative
damage to critical biomolecules accumulates and
eventually results in several biological effects such as
alterations in signal transduction and gene expression for
mitogenesis, mutagenesis, and cell death (13). Consis-
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tent with the reports, many studies also suggest that ROS
are important mediators of apoptosis (14 — 16). There-
fore, we investigated the role of ROS in the induction of
apoptosis in human liver cell lines.

Rabdosia rubescens, a herbal medicine, has been
traditionally used in China for curing carcinoma of the
digestive tract. Oridonin is a diterpenoid isolated from
R. rubeseens and has been reported to have various
pharmacological and physiological effects such as anti-
inflammation, anti-bacteria, and anti-tumor effects (17 —
19). With regard to its anti-tumor activity, some reports
have demonstrated that oridonin exhibits remarkable
inhibitory effects on breast carcinoma, non-small cell
lung cancers, acute promyelocytic leukemia, and
glioblastoma multiforme; and some reports have also
showed that oridonin has cytotoxic effects on various
cancers such as human melanoma A375-S2, human
cervical carcinoma Hela, human breast adenocarcinoma
MCF-7, and murine fibrosarcoma L1929 (20-24).
During our research on the anti-tumor effect of oridonin,
we found that it gave rise to a great deal of ROS in
human hepatoma cells HepG2, and the cells underwent
apoptosis consequently. So in this study, we investigated
the roles of ROS in oridonin-induced HepG2 cell
apoptosis.

Materials and Methods

Reagents

Oridonin (Lot: 111721-200501) was obtained from
the Beijing Institute of Biological Products (Beijing,
China). The chemical structure of oridonin was assigned
by comparing the chemical and spectral data ('"H-NMR,
BC-NMR) with those reported in the literature. The
purity of the oridonin was measured by HPLC [Column:
4.6 mm x 250 mm, type: CAPCELL PAK C18 ACR
(Shiseido, Tokyo); solvent phase: methanol:H,0, 55:45]
and determined to be 97.4%. Oridonin was dissolved in
dimethyl sulfoxide (DMSO) to make a stock solution.
The DMSO concentration was kept below 0.05% in all
the cell cultures and did not exert any detectable effect
on cell growth or cell death.

Fetal calf serum (FCS) was from the Dalian Biological
Reagent Factory (Dalian, China). RPMI 1640 medium
was from Gibco/BRL (Gaithersburg, MD, USA). N-
Acetyl-cysteine (NAC), Hoechst 33258, rhodamine-123,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), 3,3-diaminobenzidine tetrahydro-
chloride (DAB), and 2',7'-dichlorofluorescein diacetate
(DCF-DA) were purchased from Sigma Chemical
(St. Louis, MO, USA). The p53 inhibitor pifithrin o
(PFT a) was from Biomol International (Plymouth
Meeting, PA, USA). The ERK inhibitor PD98059, p38

inhibitor SB203580, JNK inhibitor SP600125, and
antibodies against caspase-9 and -3 were obtained from
Calbiochem (La Jolla, CA, USA). Antibodies against
cytochrome ¢ (Cyto. ¢), p53, phospho-p53 (Ser 392),
p38, phospho-p38 (Tyr 182), S-actin, and horseradish
peroxidase (HRP)-conjugated secondary antibodies
(goat-anti-rabbit and goat-anti-mouse) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
TACS™2 TDT-DAB In Situ Apoptosis Detection Kit
was obtained from Trevigen (Gaithersburg, MD, USA).

Cell culture

The human hepatoma cells HepG2 were purchased
from American Type Culture Collection (#HB-8065;
ATCC, Manassas, VA, USA). The cells were cultured in
RPMI-1640 medium supplemented with 10% FCS and
0.03% L-glutamine (Gibco), and maintained at 37°C
with 5% CO; in a humidified atmosphere.

Cytotoxity assay

HepG2 cells were incubated in 96-well plates
(NUNC, Roskilde, Denmark) at a density of 1 x 10° cells
per well. The cells were pretreated with NAC, PFT «a,
PD98059, SB203580, and SP600125 at the given
concentrations for 1 h and then incubated with oridonin
for different time periods. Four hours before the end of
incubation, 20 4l MTT solution (5.0 mg/1) was added to
each well. The crystals were dissolved in 100 ul DMSO.
Absorbance was measured with an ELISA reader
(TECAN SPECTRA; Wetzlar, Germany). The cytotoxic
effect was expressed as the relative percentage of cell
death, which was calculated as follows:

Cell death (%) = [As70 (control) — Aszo (compound)]
/ [Aszo (control) — Asy (blank)] x 100

Observation of morphological changes

HepG2 cells were divided into two groups, seeded
into culture plates, and cultured overnight. One group
was cultured in the RPMI-1640 as the medium control.
The other was treated with 30 uM oridonin and cultured
for 24 h. The cellular morphology was observed using
phase contrast microscopy (Olympus, Tokyo).

The HepG2 cells were cultured as above and treated
with oridonin for 24 h. Apoptotic nuclear morphology
was also assessed using Hoechst 33258. Cells were fixed
with 3.7% paraformaldelyde at room temperature for
30 min, and then they were washed and stained with
167 uM Hoechst 33258 at 37°C for 30 min. The cells
were washed and resuspended in phosphate-buffered
saline (PBS) for morphologic observation by fluores-
cence microscopy (Leica, Wetzlar, Germany).
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Terminal deoxynucleotidyl transferase-mediated Dutp
nick end-labeling (TUNEL) assay

The TUNEL assay was used for detection of DNA
strand breaks. The detection was carried out according to
the instructions of the TACS™2 TDT-DAB In Situ
Apoptosis Detection Kit. Briefly, the cells were rinsed
once with PBS and fixed in 3.7% buffered formaldehyde
at room temperature for 10 min. The fixed cells were
pretreated with 10% H,O,, and end-labeling was per-
formed with TdT labeling reaction mix at 37°C for 1 h.
Nuclei exhibiting DNA fragmentation were visualized
by incubation in 3'3-diamino benzidine (Sigma) for
7 min. The cells were counter-stained with methyl green
and observed under light microscopy. The nuclei of
apoptotic cells were stained dark brown and TUNEL-
positive HepG2 cells were determined with relative
percentage by randomly counting 100 cells.

Measurement of intracellular ROS generation

After treatment with 30 M oridonin for the indicated
time periods, the cells were incubated with 10 mM
DCF-DA at 37°C for 15 min. The intracellular ROS
mediated oxidation of DCF-DA to the fluorescent
compound 2',7'-dichlorofluorescein (DCF). Then cells
were harvested and the pellets were suspended in 1 ml
PBS. Samples were analyzed at an excitation wave
length of 480 nm and an emission wave length of
525 nm by FACScan flowcytometry (Becton Dickinson,
Franklin Lakes, NJ, USA).

Preparation of mitochondrial and cytosolic extracts

The tested cell groups were collected by centrifuga-
tion at 200 x g at 4°C for 5 min and then washed twice
with ice-cold PBS. The cell pellets were resuspended in
ice-cold homogenizing buffer, including 250 mM
sucrose, 20 mM HEPES, 10 mM KCIl, 1 mM EDTA,
I mM EGTA, 1.5mM MgCl,, ImM DTT, 1 mM
PMSF, 1 ug/ml aprotinin, and 1 ug/ml leupeptin. After
homogenization (40 strokes), the homogenates were
centrifuged at 4,200 x g at 4°C for 30 min. The superna-
tant was used as the cytosol fraction and the pellet was
resolved in lysis buffer, including 50 mM Hepes (pH 7.4),
1% Triton-X 100, 2 mM sodium orthovanadate, 100 mM
sodium fluoride, 1 mM edetic acid, 1 mM PMSF,
10 mg/1 aprotinin (Sigma), and 10 mg/l leupeptin
(Sigma) as the membrane fraction.

Observation of mitochondria membrane potential
Mitochondria membrane potential was observed by
the fluorescent dye rhodamine-123. After incubation
with 30 uM oridonin for the indicated time periods, the
cells were stained with 1 mg/ml rhodamine-123 and
incubated at 37°C for 15 min. The fluorescence intensity

of cells in situ was observed under fluorescence micros-
copy (Olympus).

Western blot analysis

HepG2 cells were cultured for different time periods,
both adherent and floating cells were collected, and then
Western blot analysis was performed. Briefly, the cell
pellets were resuspended in lysis buffer consisting of
50 mM Hepes (pH 7.4), 1% Triton-X 100, 2 mM sodium
orthovanadate, 100 mM sodium fluoride 1 mM edetic
acid, 1 mM PMSF, 10 mg/l aprotinin, and 10 mg/1
leupeptin and lysed at 4°C for 60 min. After 13,000 x g
centrifugation for 15 min, the protein content of the
supernatant was determined by a protein assay reagent
(Bio-Rad, Hercules, CA, USA). The protein lysates were
separated by electrophoresis in 12% SDS polyacryl-
amide gel and transferred to a nitrocellulose membrane.
The membrane was blocked with 5% skim milk and then
incubated with the indicated primary antibodies against
p53, phospho-p53, p38, phospho-p38, cytochrome c,
caspase-9, and caspase-3. After that, the membrane was
incubated with secondary antibodies, goat anti-rabbit
and goat anti-mouse IgG conjugated with peroxidase
(HRP) (Santa Cruz Biotechnology), and visualized by
using DAB as the HRP substrate.

Statistical analysis of the data

All results were confirmed in at least three separate
experiments. The data are expressed as means £ S.D.
Statistical comparisons were made by Student’s #-test.
P<0.05 was considered significant.

Results

Cytotoxic effects of oridonin against HepG2 cells
To detect the cytotoxic effects of oridonin on the
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Fig. 1. The cytotixity of oridonin against HepG2 cells. The cells
were treated with various doses of oridonin for 12, 24, or 36 h. Cell
death ratio was measured by MTT assay. n =3, mean £ S.D.
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HepG2 cells, the cells were cultured with 10 —50 uM
oridonin for 12, 24, and 36 h. Oridonin induced cell
death in a dose- and time-dependent manner. Treatment
of HepG2 cells with 30 4M oridonin for 24 h resulted in
approximately 50% cell death (Fig. 1).

Oridonin induces apoptotic cell death in HepG?2 cells
To determine whether HepG2 cells treated with
oridonin underwent apoptosis, TUNEL assay was
carried out. HepG2 cells were cultured with 0, 10, 20,
30, 40, and 50 uM oridonin for 24 h; and the ratio of
TUNEL-positive cells was 2.3+1.5%, 11.7%1.5%,
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Fig. 2. Oridonin induced apoptotic cell death in HepG2 cells. A:
The cells were treated with 0, 10, 20, 30, 40, or 50 uM oridonin for
24 h. The TUNEL assay was carried out for detection of apoptotic
cells. n=3, mean+S.D. B—E: The cells were treated with 30 uM
oridonin for 24 h, and cellular morphologic changes were observed
by means of phase contrast microscopy (B, C: x400 magnification) or
Hoechst 33258 (D, E: x400 magnification) staining.
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Fig. 3. Oridonin stimulated the generation of ROS that mediated
HepG2 apoptosis. A—E: The cells were cultured with 30 uM
oridonin (Or) for 0 (A), 12 (B), and 24 (C, D) h in the absence or
presence of 1 mM NAC (D, E). F: The generation of ROS was
measured by using the ROS-detecting fluorescent dye DCF-DA in
FACScan flowcytometry. The corresponding linear diagram of
FACScan flowcytometry is shown. n =3, mean + S.D. **P<0.01. G:
The cells were pretreated with or without I mM NAC for 1 h and then
treated with 30 uM oridonin for 24 h. Cell death ratio was measured
by MTT assay. n =3, mean + S.D. **P<0.01.
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23.3+£3.1%,39.7£2.1%, 62.3 £4.2%, and 77.2 £ 5.3%,
respectively (Fig. 2A).

To further confirm the result that oridonin induced
HepG2 apoptotic cell death, we examined the morpho-
logic changes. When HepG2 cells were cultured with
oridonin at 30 uM for 24 h, apoptotic changes were

A 100
~ 80
é sk
.2
g 60
=
<
S 40
G
Q
20
0 1 —E 1 |+| |
Oridonin  + — +
PFT a - + +
B 0 6 12 24 Time (h)
ps3 | |
] -53 kDa
p-p53 | e — |
B-actin | | -46 kDa
g g
g C:0r/0 h 8 E: Or/24 h
Pt 28
3g 1 8t e —
0100 ot I"LI-H 103 10t ol 1o’ HI_1-H mﬂ !
& 8-
8 D: Or/12h gi F:Or+PFTa24h

Counts
0 40 B0 120

avu 10° 10! J2 103 10t
G 100 r sk
S
S 80 1
=
R
S 60 f
Q
o
2
E 40 +
o
&
& 20
a
o L= . el
0 12 24 24
Or Or+ PFT a

observed as compared with the medium control group.
Oridonin-treated HepG2 cells underwent contraction
and showed membrane blebbing and granular apoptotic
bodies, but the cells in the medium control group did
not show these apoptotic changes (Fig. 2: B and C). The
apoptotic changes were further confirmed by Hoechst
33258 staining of cell nuclei. In the control group, nuclei
of HepG2 cells were round and homogeneously stained,
but 30-uM oridonin—treated cells showed marked
nuclear fragmentation and granular apoptotic bodies
(Fig. 2: D and E).

Oridonin triggered ROS generation which mediated
HepG2 apoptosis

ROS are considered to play an important role in
apoptosis in various types of cells (14 — 16). To investi-
gate whether oridonin stimulated ROS generation in
HepG2 cells, we measured intracellular ROS level by
using the ROS-detecting fluorescence dye DCF-DA, and
the generation of ROS was evidenced by the increased
intensity of DCF fluorescence. After HepG2 cells were
exposed to 30 uM oridonin for the indicated time
periods, moderate generation of ROS were observed at
12 h and the level of ROS increased significantly at 24 h.
The ratio of DCF-positive cells was 2.32, 33.24, and
78.57% at 0, 12, and 24 h, respectively (Fig. 3: A, B, and
C). As expected, the ROS scavenger NAC at 1 mM
markedly decreased the level of ROS from 78.57% to
9.86% at 24 h (Fig. 3: D and F).

It has been reported that ROS may play a dual role in
apoptosis. On the one hand, ROS may function as
initiators of apoptosis, but on the other hand, ROS have
also anti-apoptotic effects, especially in inflammatory
cells (25). To further confirm that ROS acted as initia-
tors in oridonin-induced HepG?2 apoptosis, the cells were
co-incubated with 1 mM NAC in the presence of 30 uM
oridonin for 24 h and NAC almost completely inhibited
the oridonin-induced apoptosis from 56.7% to 6.6%
(Fig. 3G). All these results indicated that ROS mediated
apoptosis in oridonin-treated HepG2 cells.

Fig. 4. p53 mediated ROS generation in oridonin-induced HepG2
apoptosis. A: The cells were pretreated with15 uM PFT « for 1 h and
then cultured with 30 uM oridonin for 24 h. Cell death ratio was
measured by MTT assay. n=3, mean + S.D. **P<0.01. B: The cells
were treated 30 uM oridonin for 0, 6, 12, or 24 h; and cell lysates
were separated by 12% SDS-PAGE electrophoresis, and p53 and
phospho-p53 protein expression was detected by Western blot
analysis. C — F: The cells were cultured with 30 4uM oridonin (Or) for
0 (C), 12 (D), and 24 (E, F) h in the absence or presence of 15 uM
PFTa (F). G: The generation of ROS was measured by using
the ROS-detecting fluorescent dye DCF-DA in combination with
FACScan flowcytometry. The corresponding linear diagram of
FACScan flowcytometry is shown. n =3, mean + S.D. **P<0.01.
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p53 was involved in oridonin-induced HepG2 apoptosis
through mediating ROS generation

The tumor suppressor gene product p53 has been
reported to mediate apoptosis in many experimental
systems, which is responsible for its tumor suppressive
function (26). In our study, the p53-specific inhibitor
PFT o was applied to evaluate the function of p53 in
oridonin-induced HepG2 apoptosis. After incubation of
HepG?2 cells with 30 uM oridonin for 24 h, 15 uM PFT «
significantly reduced apoptosis from 52.5% to 8.1%
(Fig. 4A). To further confirm this result, Western blot
analysis was carried out to detect the p53 and phospho-
pS53 expressions. After treatment of HepG2 cells with
30 uM oridonin for different time periods, the expres-
sion of p53 did not change, but the level of phospho-p53
markedly increased at 6 h (Fig. 4B).

Recent studies have indicated that p53 causes
apoptosis through a multi-step process and ROS are
sometimes downstream mediators of p53-dependent
apoptosis (27, 28). Therefore, we examined the effect of
p53 on the generation of ROS triggered by oridonin.
When HepG?2 cells were treated with 30 uM oridonin for
24 h in the presence of 15 uM PFT a, PFT a obviously
lowered the level of ROS from 80.39% to 5.61% (Fig. 4:
E, F, and G), indicating that p53 participated in oridonin-
induced apoptosis through the generation of ROS.

ROS contributes to further activation of p53 through
activation of p38 kinase in oridonin-treated HepG2 cells

The MAPK family members including extracellular
signal-regulated protein kinase (ERK), c-Jun N-terminal
kinase (JNK), and p38 play important roles in regulation
of apoptosis. The ERK pathway is predominantly acti-
vated by mitogens through a Ras-dependent mechanism
and it is required for cell proliferation and differentia-
tion, but JNK and p38 are activated by pro-inflammatory
cytokines and various environmental stresses (29). In
our study, the functions of MAPK in oridonin-induced
HepG2 apoptosis were examined by using specific
inhibitors for p38 (SB203580), JNK (SP600125), and
ERK (PD98059). After incubation of HepG2 cells with
30 uM oridonin for 24 h, 10 uM SP600125 and 10 uM
PD98059 did not influence the cytotoxity of oridonin
(Fig. 5A). In contrast, 10 uM of the p38 inhibitor
SB203580 partially inhibited the cell death from 55.6%
to 25.1% (Fig. 5A). On the basis of these results and in
combination with the report that ROS could lead to
activation of p38 in TRAIL/Apo2L-induced apoptosis
(30), the effect of ROS on the activation of p38 was
investigated by means of Western blot analysis. After
treatment of HepG2 cells with 30 uM oridonin for
different time periods, the level of phospho-p38 began to
increase at 12 h. However, in the presence of 1 mM

NAC or 10 uM SB203580, SB203580 and NAC almost
thoroughly reversed the phosphorylation of p38
(Fig. 5B), indicating that the activation of p38 was
dependent on ROS in oridonin-induced HepG2 apoptosis.

Recently, it has been reported that p38 kinase directly
phosphorylates N-terminal serine residues of p53, which
in turn activate the p53 signaling pathway (31 —33).
According to these studies, Western blot analysis was
performed to examine the effects of NAC and SB203580
on the level of phospho-p53. As shown in Fig. 5C,
when HepG2 cells were treated with oridonin for 6, 12,
and 24 h, the enhanced phospho-p53 expression at 24 h
was significantly reduced by 1 mM NAC or 10uM
SB203580 (Fig. 5C). All these results suggested that
ROS contributed to further activation of p53 through
activation of p38 kinase.
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Fig. 5. ROS activated the p38, which further promoted the phos-
phorylation of p53. A: The cells were pretreated with 10 uM
SB203580, 10 uM SP600125, or 10 M PD98059 for 1h and then
cultured with 30 uM oridonin for 24 h. Cell death ratio was measured
by MTT assay. n =3, mean £ S.D. **P<0.01. B and C: The cells were
treated 30 uM oridonin for 0, 6, 12, or 24 h in the absence or presence
of 1 mM NAC or 10 xuM SB203580; and cell lysates were separated
by 12% SDS-PAGE electrophoresis, and p38, phospho-p38 (B) and
p53, phospho-p53 (C) protein expressions were detected by Western
blot analysis. n=3, mean £ S.D.
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ROS decrease the mitochondrial transmembrane
potential (Aym) and mediated the oridonin-induced
HepG2 apoptosis through mitochondrial signaling
pathway

Mitochondria are deeply involved in the regulation of
cell death and the mitochondrial membrane permeabili-
zation pore has been shown to be sensitive to the redox
state, and ROS can also induce mitochondrial membrane
permeabilization both in vitro and in vivo (34, 35).
When mitochondria membrane is permeabilized,
cytochrome ¢, which is normally confined in the mito-
chondrial intermembrane space, is found in the cytosol
of cells undergoing apoptosis (36, 37). Cytochrome ¢
release is frequently coincident with a disruption of the
mitochondrial transmembrane potential (4ym), which
has been defined as an early stage of apoptosis (34, 35).
Based on these results, we evaluated whether ROS
targeted the mitochondria and thereby decreases the
Awm in oridonin-treated HepG2 cells. The integrity of
mitochondrial membranes of the cells was examined by
rhodamine-123 staining and the decrease in rhodamine-
123 fluorescence intensity reflected the loss of Aym.
The fluorescence intensity of oridonin-treated cells for
the indicated time periods was observed under a fluores-
cence microscope. The cells incubated with 30 uM
oridonin showed a weaker green fluorescence at 24 h
(Fig. 6C), compared with the bright green fluorescence
in the medium-cultured cell group (Fig. 6A). In the
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case of the NAC-co-treated group, the NAC rescued the
loss of Aym, as verified by the enhanced intensity of
fluorescence at 24 h (Fig. 6D).

When cytochrome c is released from mitochondria, it
forms a complex with Apaf-1 and procaspase-9, result-
ing in activation of caspase-9, which then processes and
activates other caspases, such as caspase-3, to carry out
the biochemical execution of apoptosis (38). In order to
further confirm that the mitochondrial signaling pathway
was initiated by ROS, the expressions of cytochrome c,
caspase-9, and caspase-3 in HepG2 cells treated with
30 uM oridonin in the absence or presence of NAC were
examined by Western blot analysis. The results showed
that the level of cytochrome ¢ in mitochondria began to
decrease at 12 h, which was consistent with the increase
of cytochrome ¢ in cytosol. However, the release of
cytochrome ¢ from mitochondria into cytosol was
suppressed by NAC (Fig. 6E). With the cytochrome ¢
released, the caspases-9 and -3 were activated, as proved
by the appearance of 37- and 17-kDa proteolytic
products at 18 h (Fig. 6F). These results indicated that
ROS caused the Aym loss, cytochrome ¢ release, and
caspases activation, which accounted for the oridonin-
induced HepG2 apoptosis.

Taken together, all these results demonstrated that in
oridonin-induced HepG2 apoptosis, p53 mediated the
generation of ROS, which activated p38 kinase, and the
activated p38 further stimulated the activation of p53. In
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Fig. 6. ROS caused a decrease in the Aym, so that cytochrome ¢ was released into cytoplasm and subsequently caspase-9 and -3
were activated in HepG2 cells incubated with oridonin. The cells were incubated with 30 M oridonin (Or) for 0 (A), 12 (B), 24
(C) h, or coincubated with 30 uM oridonin and 1 mM NAC for 24 h (D); then the cells were loaded with a membrane-sensitive
probe, 1 mg/ml rhodamine-123, for 30 min and observed using fluorescence microscopy. The cells were treated 30 M oridonin
for 0, 6, 12, 18, or 24 h in the absence or presence of 1 mM NAC. The cell lysates were separated by 12% SDS-PAGE
electrophoresis; and protein expressions of cytochrome ¢ (Cyto. ¢) (E), both in the cytoplasm (Cyfo) and the mitochondria (Mito),

and caspase-9 and -3 (F) were detected by Western blot analysis.
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addition, ROS targeted the mitochondria and caused
decrease of Ayms. As a consequence, the HepG2 cells
underwent apoptosis via the cytochrome c/caspase-9
and -3 signaling pathway.

Discussion

This study demonstrated that oridonin was able to
induce apoptosis in human hepatoma HepG2 cells
through the generation of ROS. It was generally believed
that oxidative stress was an important regulator of the
apoptosis in certain cell types (39). Also, many studies
suggested that exposure to ROS induced apoptosis in a
variety of cell types by inducing endonuclease activation
and subsequent DNA damage (40, 41). Another impor-
tant regulator of apoptosis was p53, and p53 protein
was a tumor suppressor that transmits signals arising
from various forms of cellular stress including DNA
damage and hypoxia to genes and factors (42). It had
also been reported that pS3 protein caused apoptosis,
using ROS as downstream mediators (27, 28). In our
study, Western blot analysis and MTT assay showed
that p53 was activated and transmitted apoptotic signals
in oridonin-treated HepG2 cells. The p53 signaling
pathway was divided into two parts, upstream and
downstream of p53; and the downstream components of
the p53 pathway are p53 transcriptional targets. It was
reported that more than half of those genes were directly
or indirectly involved in metabolism of ROS, and ROS
were required in the p53-dependent apoptotic pathway
(43). The results obtained from this study showed that
the p53 inhibitor PFT a markedly blocked the generation
of ROS, implying that ROS was induced in a p53-
dependent pathway in oridonin-treated HepG2 cells.

p38, one of the members of MAPK family, had been
implicated in regulation of various cellular processes
(29). A number of studies indicated that activation of
p38 played a crucial role in apoptosis induced by various
stimuli, such as ceramide and nerve growth factor
depletion (44, 45). Activation of p38 kinase has also
been implicated in anticancer drug—induced apoptosis
(29). In our study, pretreatment of SB203580 was
effective in preventing oridonin-induced apoptosis,
indicating that p38 was involved in this process. Lee
and his colleagues had shown that p38 was responsive to
ROS and participated in apoptosis, for example, nitric
oxide stimulated the phosphorylation of p38 in HL-60
cells and H»O, induced the activation of p38 in vascular
cells (30). It was also reported that the activation of p38
induced by TRAIL/Apo2L was effectively inhibited by
pretreatment of GSH and estrogen, indicating that ROS
were activated upstream of p38 (30). In this study,
oridonin promoted the activation of p38, and the ROS

scavenger NAC effectively blocked the phosphorylation
of p38, demonstrating that p38 was activated through a
ROS-dependent process in oridonin-treated HepG2
cells. Reports showed that expression of oncogenic Ras
resulted in activation of p38, which in turn led to
activation of p53 (46). In addition, p38 kinase could
activate the p53 signaling pathway through direct
phosphorylation of N-terminal serine residues of p53
(31 —33). In oridonin-treated HepG?2 cells, the activation
of p38 by ROS further contributed to the activation of
p53, which was further verified by the evidence that the
high level of phospho-p53 was effectively inhibited by
SB203580 and NAC, respectively. All these results
suggested that p53 mediated the generation of ROS,
which accounted for p38 activation, and the activated
p38 contributed to further p53 activation; thus a positive
feedback loop arose in oridonin-treated HepG2 cells.

Mitochondria showed signs of outer membrane
and/or inner membrane permeabilization when exposed
to a variety of pro-apoptotic stimulus (36). For example,
TGF p-mediated ROS production in fetal hepatocytes
provoked the loss of Awm and the release of
cytochrome ¢ (47). Also, reducing superoxide levels
could inhibit the loss of Aym in the activated T cell, and
high levels of ROS could lead to megamitochondria
formation in a model of hepatocyte cell death (48, 49).
Indeed, some reports also showed that ROS either acted
as activators of mitochondrial permeability transition or
a consequence of this transition, depending on the death
stimulus (50). Here, the results of rhodamine-123
staining to detect the Aywm showed that oridonin-induced
ROS production in HepG2 cells preceded the loss of
Aym, as confirmed by the evidence that ROS scavenger
NAC effectively blocked the drop of Aym. In mito-
chondria, when membrane permeabilization occurred,
cytochrome ¢ was releasd from the mitochondrial inter-
membrane space into the cytosol, and then caspases-9
and -3 were activated (38). In this study, incubation of
HepG2 cells with oridonin for 12 h made reduced the
expression of cytochrome ¢ in mitochondria, accompa-
nied by the high level of cytochrome ¢ in cytosol; and
this process was correspondingly suppressed by NAC.
Consistent with this result, caspases-9 and -3 were
cleaved into a 37- and 17-kDa fragment, respectively, at
18 h. These results indicated that ROS was responsible
for mitochondria transmembrane permeabilization,
thereby causing the release of cytochrome ¢ and the
activation of caspases-9 and -3, which executed the
oridonin-induced HepG2 apoptosis.

In summary, oridonin induced HepG2 apoptosis in a
time- and dose-dependent manner through the mediation
of ROS. To investigate the mechanism, we found that
pS53 was responsible for the generation of ROS, which
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Fig. 7. Summary of the proposed mechanism for the apoptosis
induced by oridonin in HepG2 cells. Oridonin would indirectly
activate p53 that mediated the generation of ROS. The ROS would
contribute to the loss of Aym, the release of cytochrome ¢ (Cyro. c)
from the mitochondria (Mito), and the activation of caspase-9/-3.
In addition, ROS further promoted the activation of p53 through
activation of p38 kinase, forming a positive feedback loop.

led to the activation of p38 kinase; and the activated p38
in turn promoted the activation of p53, forming a
positive feedback loop. Furthermore, ROS decreased the
Aym and provoked the release of cytochrome c.
Consequently, caspases-9 and -3 were activated and
executed the oridonin-induced HepG2 cell apoptosis

(Fig. 7).
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