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Mitochondrial ROS contribute to oridonin-induced
HepG2 apoptosis through PARP activation
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Abstract. Oridonin, the main active constituent of
Rabdosia rubescens, is known to exert antitumor activity via
the induction of apoptosis in numerous types of human cancer
cells. However, the underlying regulatory mechanisms of mito-
chondrial ROS in oridonin-induced HepG2 apoptosis remain
largely unknown, due to limitations of subcellular imaging
resolution. Previously, it has been suggested that mitochondria
serve a potential role in sensing and signaling cellular redox
changes in vital biological processes such as cell death and
the abiotic stress response, based on studies involving the
mitochondrial-targeted redox-sensitive green fluorescent
protein (GFP). To address this, a mitochondrial-targeted
Grx1-roGFP2 (mtGrx1-roGFP2) biosensor was implemented
to monitor real-time mitochondrial redox changes of HepG2
cells in response to either H,O,/DTT or oridonin/SS31 treat-
ment. It was determined that oridonin caused a perturbation
in mitochondrial redox status, which in turn contributed to
oridonin-induced apoptosis. Furthermore, a novel mechanism
underlying the regulation of mitochondrial redox changes in
oridonin-induced HepG2 apoptosis, presumably dependent on
PARP cleavage, was proposed. In conclusion, the present study
provides evidence in support of mitochondrial redox changes
as a potential mediator in the apoptotic activities of oridonin
in HepG2 cells, which provides insight into the molecular
mechanisms by which mitochondrial redox signaling regulates
oridonin-induced apoptosis in cancer therapy, and the develop-
ment of mitochondria-specific oridonin as a promising novel
anticancer therapeutic strategy.
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Introduction

Apoptosis, or programmed cell death, is an ordered and
orchestrated cellular process that occurs in physiological and
pathological conditions (1,2). Evasion of apoptosis serves a
vital function in carcinogenesis and numerous novel treatment
strategies that may restore the apoptotic signaling pathways
towards homeostasis may be feasible for eliminating cancer
cells (3.4). Reactive oxygen species (ROS), as signals and
modulators for cellular redox changes, are key mediators in
the regulation of cell apoptosis (5,6). Modulation of the redox
state may potentially trigger apoptotic signaling pathways by
cellular FLICE-like inhibitory protein degradation, apoptosis
signal-regulating kinase 1 activation, cytochrome c release
and interaction of caspase 9/Apoptotic protease-activating
factor 1 (7). Previous studies (8-10) concerning the extrinsic
and intrinsic pathways of apoptosis have focused on mito-
chondria, which are the major source of ROS generation and
serve a central function in apoptosis regulation (11). It has
been suggested that instead of elevating overall cellular ROS,
regulation of mitochondrial ROS during apoptosis may be
a promising therapeutic strategy in the treatment of various
types of cancer (7).

As the most abundant cellular redox buffer, glutathione
(GSH) is distributed in at least 9 different subcellular compart-
ments, and protects cells against ROS through the oxidation
of GSH to glutathione disulfide (GSSG). The reduced to
oxidized glutathione ratio [GSH/GSSG] may be measured to
reflect cellular redox changes (12-14). Alternatively, various
redox-sensitive fluorescent dyes, such as dihydrodichloro-
fluorescein (H,DCF) have been frequently used to monitor
ROS levels in a number of studies focusing on natural
drug-induced apoptosis in cancer (15,16). However, conven-
tional approaches lack either spatiotemporal resolution or
specificity resolution (17). This is a critical knowledge gap that
has adversely limited the ability to comprehensively probe
into the underlying regulatory mechanisms of mitochondrial
ROS in natural drug-induced apoptosis in cancer, and has also
impeded the development of novel redox-based therapeutic
strategies targeting cancer. Previously, genetically-encoded
redox-sensitive green fluorescent protein (roGFP) probes have
been developed with a suitable range of redox potentials to
measure the spatial and temporal intracellular oxidation
status by ratiometric analysis, which is compartmental,
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real-time, reversible and measures dynamic variation trends
compared with other methods for assessing intracellular redox
status (13,18-20). Previously, human glutaredoxinl (Grx1) was
fused to the roGFP2 biosensor to facilitate specific real-time
equilibration between the sensor protein and the glutathione
redox couple, consequently allowing dynamic live imaging of
the intracellular glutathione redox potential in different cellular
compartments, with unprecedented sensitivity and temporal
resolution (14,21). Therefore, the ratiometric Grx1-roGFP2
biosensor targeted to mitochondria may be extremely useful
in quantifying mitochondrial redox changes associated with
natural drug-induced apoptosis in cancer.

Oridonin, a natural and safe ent-kaurene diterpenoid
compound isolated from the plant Rabdosia rubescens,has been
demonstrated to induce ROS to mediate apoptosis in multiple
types of cancer, including human laryngeal cancer cells (22),
human cervical carcinoma HeLa cells (23), hepatocellular
carcinoma cells (24,25), human epidermoid carcinoma A431
cells (26,27), human histiocytic lymphoma U937 cells (28),
esophageal cancer KYSE-150 cells (29) and rheumatoid arthritis
fibroblast-like synoviocytes (30). Furthermore, the combined
use of AG1478 and oridonin augments the production of ROS
and apoptosis (22,26); Therefore, targeting epidermal growth
factor receptor combined with oridonin may be a potentially
effective anti-neoplastic therapy. Notably, neither study (31,32)
demonstrated that oridonin-induced apoptosis may be
conferred by compartmental redox changes in live cells. In
the present study, using live-cell imaging, it was demonstrated
that the mitochondrial-targeted glutaredoxinl-redox-sensitive
green fluorescent protein 2 (mtGrx1-roGFP2) probe expressed
in HepG2 cells may be used as a real-time reporter of dynamic
redox changes caused by oridonin. The possible regulatory
mechanisms of mitochondrial redox signaling contributing to
oridonin-induced apoptosis in HepG2 cells were also assessed.

Materials and methods

Reagents and antibodies. Unless stated otherwise, reagents
were purchased from Thermo Fisher Scientific, Inc.(Waltham,
MA, USA). Oridonin (C,,H,;04, MW=364.43; Chemical
Abstracts Service registry number, 28957-04-2; lot, H1616026)
was purchased from Shanghai Aladdin Bio-Chem Technology
Co., Ltd. (Shanghai, China). The oridonin was dissolved in
299.7% dimethyl sulphoxide (DMSO; Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) with 150 mM as original stock
solution. Subsequent to mixing by vortex (1,500 rpm for
10 sec), the solution was then filtered through a 0.22-ym filter,
which was then stored at 4°C prior to use. The solution was
diluted in serum-free Dulbecco's modified Eagle's medium
(DMEM; Gibco; Thermo Fisher Scientific, Inc.) medium
prior to use. The maximum final concentration of DMSO in
medium was maintained below 0.1% (v/v) and did not exert
any detectable effect on cell growth or cell death (23,33).
SS31, a small aromatic-cationic mitochondria-targeted
peptide (H-D-Arg-Dmt-Lys-Phe-NH,), may be selectively
concentrated in the inner mitochondrial membrane and reduce
mitochondrial ROS generation (34-36). It was provided by
Stealth BioTherapeutics, Inc., (Newton, MA, USA).

Primary antibodies against f-actin (catalog no. 8457P)
and poly adenosine 5'-diphosphate ribose polymerase (PARP;
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catalog no. 9532T) were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). A goat anti-rabbit
immunoglobulin G horseradish peroxidase (HRP)-conjugated
secondary antibody (catalog no. HS101-01) used for western
blotting were purchased from Beijing Transgen Biotech Co.,
Ltd. (Beijing, China).

Gene constructs. The mtGrx1-roGFP2-containing vector
(200 ng/ul) (21) was obtained from Professor Dick (German
Cancer Research Center, Heidelberg, Germany). The
mtGrx1-roGFP2 open reading frame was polymerase
chain reaction Deutsches Krebsforschungszentrum, Im
Neuenheimer Feld-amplified with the following primers:
mt-forward, 5'-CGAGCTCAAGCTTCGAATTCGCCACCA
TGGCCTCCACTCGTGTCCTC-3'; and mt-reverse, 5'-ACC
CGGTAGAATTATCTAGATTACTTGTACAGCTCGTCC
ATGC-3' by polymerase chain reaction (PCR), which was
performed in a 20 ul total reaction volume using the vector
as DNA template and LongAmp® TagDNA polymerase
(New England BioLabs, Inc., Ipswich, MA, USA). The PCR
reaction was run as follows: 94°C for 3 min as an initial dena-
turation step; amplification for 35 cycles with denaturation at
94°C for 30 sec, annealing at 58°C for 45 sec, and extension
at 65°C for 90 sec; and final extension at 65°C for 10 min.
The mtGrx1-roGFP2 open reading frame was cloned into the
pLenti-CMV-PGK-puro vector (Invitrogen; Thermo Fisher
Scientific, Inc.) using EcoR I and Xba I (20,000 U/ml; New
England BioLabs, Inc.) to generate pLenti-CMV-mtGrx1-ro
GFP2-PGK-puro vectors at 16°C for 12 h. Restriction diges-
tion was conducted with EcoR I and Xba I (20,000 units/ml;
New England BioLabs, Inc.) at 37°C for 3 h, and then DNA
sequencing was performed by Openlab Co., Ltd. (Beijing,
China) to verify the construction of a recombinant vector.
The vector, along with the helper plasmids [pLP/VSVg, pLP1
and pLP2, (Invitrogen; Thermo Fisher Scientific, Inc.)], were
used to prepare virus stocks for transduction experiments.

Stable cell line generation. The human hepatoblastoma HepG2
cell line (37,38), obtained from the American Type Culture
Collection (Manassas, VA, USA), was cultured in DMEM
containing 10% (v/v) fetal bovine serum (Gibco; Thermo
Fisher Scientific, Inc.) and antibiotics (100 U/ml penicillin and
100 pug/ml streptomycin) at 37°C in an atmosphere containing
5% CO,. HepG2 cells stably expressing the mtGrx1-roGFP2
biosensor were generated by lentiviral transduction (Thermo
Fisher Scientific, Inc.) of the plasmids into interim 293T cells
(American Type Culture Collection) for 12-24 h at 37°C and
subsequent selection with 2 xg/ml puromycin (39). Colonies
were screened for mtGrx1-roGFP2 expression by western
blotting and Olympus IX71 reverse fluorescence microscopy
(magnification, x100; Olympus Corporation, Tokyo, Japan)
at an excitation wavelength of 488 nm with an emission filter
of 507 nm. For 12 h prior to treatment, the culture medium
was altered to DMEM medium with 2% FBS to decrease the
serum effect.

Cell viability assay. The viability of cells was measured with
TransDetect™ Cell Counting Kit (CCK, catalog no. FC101-01;
Beijing Transgen Biotech Co., Ltd., Beijing, China)
according to the manufacturer's protocol (Beijing Transgen
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Biotech Co., Ltd.) with minor modifications. Briefly, 100 ul
HepG2-mtGrx1-roGFP2 cell suspension was dispensed into
96-well plate (5x10° cells/well) and the plate was pre-incubated
at 37°C for 24 h, followed by treatment with various concentra-
tions of oridonin (0, 5, 10, 20, 30 or 60 uM) for 8 h. Next, 10 ul
(100 pl/ml) of CCK working solution was added to each well
of the plate and then incubated at 37°C for 2 h. The absorbance
of each well at 450 nm was measured under a multimode plate
reader (PerkinElmer, Inc., Waltham, MA, USA). The results
representing the average of 5 parallel samples were expressed
as the relative percentage of cell growth inhibition.

Fluorescence microscopy. MtGrx1-roGFP2-expressing
HepG2 cells placed in a Nest-35 confocal dish, where the
temperature was maintained at 37°C by a stage top incubator
(Tokai Hit Elmer, Inc., Waltham, MA, USA), were treated with
H,0, (1 mM) or dithiotheritol (DTT; 2 mM) and/or oridonin
(25 uM) or SS31 (100 nM) and imaged using a Nikon AIR
confocal laser scanning system (Nikon Corporation, Tokyo,
Japan) equipped with a 0.95 numerical aperture (water immer-
sion) objective lens at magnification x40. For excitation of
405-nm (channel 1) and 488-nm (channel 2), fluorescence
was measured with a bandpass filter of 500-554 nm. Images
were captured and exported to Imagel] software (version
1.50i; National Institutes of Health, Bethesda, MD, USA).
Subsequent to setting thresholds to avoid low signal ratio arti-
facts, false-color ratio images were obtained by dividing the
405-nm image by the 488-nm image on a pixel per pixel basis,
as previously described (21).

To confirm the mitochondrial localization of the
mtGrx1-roGFP2 probe in stable transfectants, the HepG2 cells
expressing mtGrx1-roGFP2 were incubated with a pre-warmed
(37°C) rosamine-based MitoTracker probe (100 nM; Thermo
Fisher Scientific, Inc.) for 20 min at 37°C in an atmosphere
of 5% CO, according to the manufacturer's protocol (Thermo
Fisher Scientific, Inc.). Cells were visualized using Olympus
FV1000 confocal laser scanning microscopy equipped with a
magnification, x40 objective (Olympus Corporation) at 579 nm
excitation and 599 nm emission wavelengths.

Analysis of apoptotic cells by flow cytometry. The percentage of
apoptotic of cells exposed to oridonin (25 M) with or without
SS31 (100 nM) for 8 h were determined using a commercially
available Annexin V-phycoerythrin (PE) apoptosis detection
kit according to the manufacturer's protocol (BD Biosciences,
Franklin Lakes, NJ, USA) with minor modifications. Briefly,
cells were collected and washed twice in ice cold PBS and
then resuspended in 100 xl 1X binding buffer at a density of
1x10° cells/ml, and then incubated with 5 ul Annexin V-PE
and 5 pyl 7-aminoactinomycin (7-AAD) in the dark for 15 min
at room temperature. Finally, 400 pl of 1X binding buffer
was added to each tube. Samples were analyzed using a BD
FACSCalibur (BD Biosciences) and BD CellQuest Pro soft-
ware (version 5.1; BD Biosciences) and evaluated based on the
percentage of apoptotic cells that were Annexin V-PE-positive
and 7-AAD-positive.

Observation of morphological changes. Apoptotic nuclear
morphology was assessed using Hoechst 33342 (Beijing
Solarbio Science & Technology Co.,Ltd.,Beijing, China) in PBS
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buffer, as described previously (33). HepG2-mtGrx1-roGFP2
cells were grown in culture at 37°C for 12 h. Following 12 h
of incubation at 37°C, the cells were perfused with oridonin
(25 uM) in the presence or absence of SS31 (100 nM) at 37°C
for 8 h. For morphological observation, cells were incubated
with Hoechst 33342 (1 mg/ml) for 25 min at 37°C, washed
and then examined using an Olympus FV1000 confocal laser
scanning microscopy (Olympus Corporation) equipped with
a x40 objective at 350 nm excitation and 461 nm emission
wavelengths.

Western blot analysis. MtGrx1-roGFP2-expressing HepG2
cells were treated with oridonin (25 uM) with or without SS31
(100 nM) at 37°C. After 8 h, cells were washed twice with
ice-cold PBS and solubilized in lysis buffer containing 20 mM
Tris (pH 7.5), 135 mM NacCl, 2 mM EDTA, 2 mM DTT,
25 mM [-glycerophosphate, 2 mM sodium pyrophosphate,
10% glycerol, 1% Triton X-100, I mM sodium orthovana-
date (Sigma-Aldrich; Merck KGaA), 10 mM Na fluoride
(NaF; Sigma-Aldrich; Merck KGaA), 10 yg/ml aprotinin,
10 pg/ml leupeptin and 1 mM phenylmethane sulfonyl (PMSF;
Sigma-Aldrich; Merck KGaA, ) for 30 min on ice. Lysates
were centrifuged (15,000 x g) at 4°C for 15 min. Soluble
protein were denatured in SDS in a boiling water bath for
5 min, and quantified using Easy II Protein Quantitative Kit
(BCA; catalog no. DQI111-01; Beijing Transgen Biotech Co.,
Ltd). A total of 10 ul protein was electrophoresed on an 8-12%
gel using SDS-PAGE, and transferred to a nitrocellulose
membrane. The membrane was blocked with 5% skim milk
for 1 h at room temperature, then incubated overnight with
the indicated primary antibodies against PARP (1:1,000 dilu-
tion; catalog no. 9532T) at 4°C, prior to incubation with goat
anti-rabbit IlgG HRP-conjugated secondary antibody (1:10,000
dilution; catalog no. HS101-01) for 2 h at room temperature.
Detection was performed using an EasySee Western Blot Kit
(catalog no. DW101-01; Beijing Transgen Biotech Co., Ltd.).

Statistical analysis. All experimental data obtained from
cultured cells are expressed as the mean + standard deviation.
Statistical analysis was performed using SPSS (version 19.0;
IBM Corp., Armonk, NY, USA). The data were analyzed
using one-way analysis of variance, followed by Bonferroni's
post hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Mitochondrial-targeted GrxIl-roGFP2 biosensor functions
in HepG2 cells. Previously, it was demonstrated that ROS
induced by oridonin is capable of restoring apoptotic signaling
pathways in HepG2 cells (32); however, whether mitochon-
drial ROS contribute to oridonin-induced apoptosis remains
unknown. To monitor mitochondrial ROS in HepG2 cells
during oridonin-induced apoptosis, stably transfected HepG2
cells were created with a Grx1-roGFP2 biosensor targeted
to mitochondria. As demonstrated in Fig. 1A, the expressed
Grx1-roGFP2 co-localized with the mitochondrial-selective
probe following confocal laser scanning microscopy, indicating
that Grx1-roGFP2 was correctly targeted to mitochondria in
the transgenic cells.
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Figure 1. Generation of transgenic cell lines expressing the mtGrx1-roGFP2 biosensor. (A) Mitochondrial localization of Grx1-roGFP2 was performed by
incubation with rosamine-based MitoTracker probe (100 nM) for 20 min, and then observation by Olympus FV1000 confocal laser scanning microscopy
(magnification, x400). Fluorescence emission (488 nm for Grx1-roGFP2 and 599 nm for MitoTracker) micrographs demonstrated that the Grx1-roGFP2
sensor was targeted to mitochondria. (B) The mtGrx1-roGFP2 fusion protein allowed live imaging of rapid mitochondrial redox changes caused by H,O, and
DTT in HepG2 cells. HepG2 cells expressing mtGrx1-roGFP2 were imaged with excitation at 405 nm and 488 nm lasers respectively by Nikon AIR confocal
laser scanning system (magnification, x400). After 20 sec, cells were perfused with 1 mM H,0,, followed by injection of 2 mM DTT for 180 sec. False-color
ratiometric images created by dividing the 405-nm image by the 488-nm image at the indicated time points (left) are presented. Corresponding ratiometric
data were plotted against time (right). Scale bar, 10 gm. Data are representative of 3 experiments. s, sec; DTT, dithiotheritol.

To determine whether Grx1-roGFP2 was responsive to
mitochondrial redox changes and was able to be ratiometri-
cally measured, HepG2 cells were treated with 1 mM H,0,,
followed 180 sec later by exposure to 2 mM DTT. As indicated
in Fig. 1B, the addition of H,0, to the growth medium led
to an immediate and marked response, with the 405/488 nm
fluorescence ratios of Grx1-roGFP2 in the mitochondria of
HepG?2 cells ranging from 1.21 to 3.86, which was maintained
for 135 sec until injection of DTT induced its reduction to
1.23. Taken together, these results revealed that Grx1-roGFP2
responded, as reflected in the altered 405/488 nm excitation
fluorescence ratio, to mitochondrial redox changes triggered
by H,0, and DTT as authoritative oxidants and reductants,
therefore providing a real-time detection system for dynamic
and reversible changes to mitochondrial redox status induced
by anticancer drugs.

Oridonin induces mitochondrial redox changes in HepG?2
cells in a time-dependent manner. The primary aim of the
present study was to establish a roGFP-based redox-sensing
system to monitor redox changes in mitochondria, and to
delineate the molecular mechanisms by which mitochondrial
ROS control oridonin-induced apoptosis in HepG2 cells. To
address this, Grx1-roGFP2 molecules targeting mitochondria,
as aforementioned, were used to measure the perturbation of
ROS levels reflected by the 405/488 nm excitation fluores-
cence ratio, as distinguished from the fluorescent intensity
of ROS-specific probe H,DCF, which has traditionally been
used as the most applicable tool. However, H,DCF exhibits

additional disadvantages, such as being destructive, integrated,
irreversible, point-in-time and providing only a static redox
status (17,21,40). Representative fluorescence microscope
images of mitochondrial Grx1-roGFP2 with corresponding
ratiometric analysis are presented in Fig. 2. In the time course
experiments, stimulation of HepG2 cells with oridonin at a
concentration of 25 M, responsible for a ~50% inhibitory
ratio at 8 h (Fig. 3), resulted in a 3-fold increase in progres-
sive oxidation of the sensor, which plateaued after 160 min.
As anticipated, SS31 prevented the oridonin-induced oxidation
of mtGrx1-roGFP2, with a decline from 3.65 to 1.22 in the
405/488 nm excitation fluorescence ratio. In general, using
mitochondria-localized Grx1-roGFP2, the present study has
provided evidence that oridonin causes a disturbance of mito-
chondrial redox poise in a manner that is reversible and may
be captured in real time.

Mitochondrial ROS mediate oridonin-induced apoptosis in
HepG?2 cells. To additionally explore whether mitochondrial
ROS act as mediators in oridonin-induced apoptosis, HepG2
cells were co-incubated with SS31 (100 nM) and oridonin
(25 uM) for 8 h at 37°C. Compared with untreated cells, a
marked increase by almost 34.41% in cell apoptosis, as indi-
cated by flow cytometry using an Annexin V-PE Apoptosis
Detection kit (Fig. 4A), was observed in response to oridonin
treatment. Furthermore, inhibition of apoptosis was induced by
SS31,accompanied by a decrease in cell growth inhibition ratio
from 38.87 to 5.75%. Consistent with the apoptotic percentage,
apoptotic morphology was detected by Hoechst 33342 staining.
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Figure 2. Time-lapse redox response of mitochondria to oridonin and SS31 treatment in HepG2 cells. Cells were treated with 25 yM oridonin, followed by
100 nM SS31. The representative images of the mtGrx1-roGFP2 sensor presented were visualized with excitation at 405 and 488 nm using Nikon A1R confocal
laser scanning system (magnification, x400). False-color ratio images of the cells at indicated time points provide visual confirmation of mitochondrial redox
changes (left panel). Corresponding ratiometric data were plotted against time (right panel). Scale bar, 10 ym. Data are representative of 3 experiments.
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Figure 3. Oridonin inhibits HepG2 cell growth in a concentration-dependent
manner. The cells were treated with various doses of oridonin at 0, 5, 10,
20, 30 or 60 M for 8 h. Cell growth inhibition ratio was measured by a cell
counting kit assay. Data are representative of 5 experiments.

As demonstrated in Fig. 4B, nuclear condensation and frag-
mentation were identified in the HepG2-mtGrx1-roGFP2 cells
treated with oridonin, whereas SS31 treatment resulted in the
integrity of cell morphology, similar to untreated HepG2 cells.
Collectively, these data implicate ROS in the mitochondria as
important contributors to oridonin-induced cell apoptosis.

Mitochondrial ROS contribute to oridonin-induced
PARP activation in HepG2 cells. Hypothetically, oxidant
stress-induced redox changes may trigger the activation of
PARP, which serves an indispensable role in commonly
described initiation pathways and redundant cell death
pathways (41-43). To elucidate the molecular mechanism
responsible for oridonin-induced apoptosis mediated by
mitochondrial redox changes in HepG2 cells, the expression
levels of PARP were determined by western blot analysis. As
demonstrated in Fig. 5, cleaved PARP protein expression was

markedly increased by oridonin at a concentration of 25 yM.
However, the activation of PARP cleavage was inhibited by
SS31 administration. The results additionally confirm that
redox signaling in mitochondria serves as a modulator of
oridonin-induced apoptosis through the activation of PARP.

Discussion

Previous studies have indicated that oridonin possesses
anti-proliferative and apoptotic activities against a variety
of cancer cells (44,45). However, the underlying regulatory
mechanisms of mitochondrial ROS in oridonin-induced
HepG2 apoptosis remain largely unknown due to limita-
tions of subcellular imaging resolution. Previously, it has
been argued that mitochondria are more sensitive to redox
perturbation compared with other subcellular compartments,
and studies have suggested that mitochondria serve a poten-
tial role in sensing and signaling cellular redox challenge in
vital biological processes such as cell death and abiotic stress
response, based on the mitochondrial-targeted redox-sensitive
GFP (41,46). In the present study, the mitochondrial-targeted
Grx1-roGFP2 biosensor, which has been demonstrated as a
valuable tool in sensing compartmentalized redox status and
consequently ROS homeostasis/signaling in human cancer
cell lines (47), was applied to monitor temporal changes in the
redox status of mitochondria in HepG2 cells in response to
either H,O,/DTT or oridonin/SS31 (Figs. 1B and 2), indicating
that a redox-sensing system in HepG2 cells was successfully
established. Based on the regulation of mitochondrial redox
changes in oridonin-induced apoptosis (Fig. 4), additional
experiments were conducted to elucidate the potential mecha-
nisms of action of mitochondrial redox changes in HepG2
cells, as demonstrated in Fig. 5, which were partially dependent
on PARP cleavage. Taken together, the present study provides
evidence in support of mitochondrial ROS as a potential
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Figure 4. Oridonin-induced apoptosis is associated with mitochondrial redox changes in HepG2 cells. Cells were incubated with 0 zM oridonin (blank), 25 yM
oridonin (oridonin), or co-incubated with 25 M oridonin and 100 nM SS31 (oridonin+SS31) for 8 h. (A) The apoptotic ratio of three groups was analyzed
by flow cytometric analysis. (B) The cellular morphologic changes of three groups were observed by Olympus FV1000 confocal laser scanning microscopy
(magnification, x400). The arrows indicate nuclear condensation and fragmentation. Scale bar, 10 ym. The results are representative data from 3 experiments.
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Figure 5. Expression of apoptosis-associated protein PARP is regulated by
mitochondrial ROS in HepG2 cells. Cells were treated with 25 M oridonin
for 8 h in the presence or absence of 100 nM SS31. The expression levels
of PARP were detected by western blot analysis, and (3-actin was used as a
loading control. The results are representative of 3 experiments. PARP, poly
adenosine 5'-diphosphate ribose polymerase.

mediator in the apoptotic activities of oridonin in HepG2 cells,
which provides insight on the molecular mechanisms by which
mitochondrial redox signaling regulates apoptosis in response
to oridonin in cancer therapy. Additional investigations
are required for the development of mitochondrial-specific
oridonin as a novel promising anticancer therapeutic strategy.

Consistent with previous studies (14,18,20,47), the
mtGrx1-roGFP2 redox biosensor exhibited excellent speci-
ficity and sensitivity, as exemplified by the response to oridonin
in HepG2 cells. Future studies should focus on certain key
protein in the signaling pathways associated with apoptosis,
including tumor protein (p)53 (35,48) using mtGrx1-roGFP2

to determine whether p53 participates in oridonin-induced
apoptosis through the generation of mitochondrial ROS. In
principle, such redox-sensing systems may be applied to dissect
the regulatory mechanisms of redox signaling, or for drug
screening and toxicology (18,21). Redox signaling mechanisms
associated with HIV and HIV-Mycobacterium tuberculosis
co-infection were examined by performing oxidative stress and
antioxidant defense pathway-focused human gene expression
arrays (RT2 Profiler™ PCR arrays), using Grx1-roGFP2 (18).
Compared with TNF-related apoptosis-inducing ligand
(TRAIL) as an acknowledged apoptosis inducer (21), oridonin
altered the redox state of the mitochondria to the extent that the
mitochondrial sensor demonstrated highly rapid and marked
changes in oxidation (Fig. 2), suggesting that the activity of
oridonin as a redox-active molecule may be superior to that of
TRAIL, and potentially an excellent therapeutic candidate for
targeting cancer. However, it should be noted that the activity
of the mitochondrial sensor mtGrx1-roGFP2 has not been
compared or normalized between HeLa and HepG2 cell lines.
Additional studies are required to explore the issue as to which
subcellular compartment is more susceptible to redox changes
induced by oridonin.

In HepG?2 cells, multiple mechanisms, including the inhibi-
tion of telomerase, induction of endoplasmic reticulum stress
and regulation of p53, MAPK and mitochondrial signaling
pathways, have been implicated in the apoptotic activity of
oridonin (25,49,50). Whether other mechanisms, such as
PARP activation, are associated with the anti-HepG2 activity
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of oridonin remains unknown. To the best of our knowledge,
for the first time, the present study investigated the involve-
ment of PARP activated by mitochondrial ROS in contributing
to oridonin-induced HepG2 apoptosis (Fig. 5), as previously
demonstrated in menadione-triggered cell death pathways (41).
This provides further insight into the molecular mechanisms
of oridonin function in HepG2 cells.
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