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Abstract: Proliferation of hepatic stellate cells (HSCs) plays a key role in the pathogenesis
of liver fibrosis. Induction of HSC apoptosis by natural products is considered an effective
strategy for treating liver fibrosis. Herein, the apoptotic effects of 7,20-epoxy-ent-kaurane
(oridonin), a diterpenoid isolated from Rabdosia rubescens, and its underlying mechanisms
were investigated in rat HSC cell line, HSC-T6. We found that oridonin inhibited cell
viability of HSC-T6 in a concentration-dependent manner. Oridonin induced a reduction in
mitochondrial membrane potential and increases in caspase 3 activation, subG1 phase, and
DNA fragmentation. These apoptotic effects of oridonin were completely reversed by thiol
antioxidants, N-acetylcysteine (NAC) and glutathione monoethyl ester. Moreover, oridonin
increased production of reactive oxygen species (ROS), which was also inhibited by NAC.
Significantly, oridonin reduced intracellular glutathione (GSH) level in a concentrationand time-dependent fashion. Additionally, oridonin induced phosphorylations of
extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38
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mitogen-activated protein kinase (MAPK). NAC prevented the activation of MAPKs in
oridonin-induced cells. However, selective inhibitors of MAPKs failed to alter
oridonin-induced cell death. In summary, these results demonstrate that induction of
apoptosis in HSC-T6 by oridonin is associated with a decrease in cellular GSH level and
increase in ROS production.
Keywords: apoptosis; glutathione; hepatic stellate cells; oridonin; reactive oxygen species

1. Introduction
Liver fibrosis is a common wound-healing response to various forms of chronic stimuli to
the liver. The major cellular process of liver fibrosis is proliferation and activation of
hepatic stellate cells (HSCs) [1–3]. During the pathogenesis of liver fibrosis, activated HSCs
overproduce extracellular matrix proteins and pro-inflammatory growth factors [1,3]. Increasing
evidence indicates that decrease in number of activated HSCs by inhibiting proliferation or induction
of apoptosis in HSCs can be a useful therapeutic strategy for liver fibrosis [4]. Herbal natural products
exhibit potential roles in preventing or treating liver fibrosis [5]. Therefore, studying the action
mechanisms of potential natural compounds is important in developing better remedial strategies for
liver disorders.
Donglingcao (Rabdosia rubescens) has been used as a traditional medicine for the treatment of
various cancers and inflammatory disorders [6,7]. Diterpenoids are the major active constituents of
Rabdosia rubescens [8,9]. 7,20-Epoxy-ent-kaurane (oridonin, Figure 1A), a diterpenoid extracted from
Rabdosia rubescens, has various pharmacological and biological effects, such as anti-inflammatory,
antiviral, and antibacterial activities [10,11]. Recently, many studies have suggested that oridonin has
potent anticancer activities against a number of cancers, such as lung cancer, colorectal cancer, and
hepatocarcinoma, in vitro and in vivo [6,12–14]. Liver fibrosis is well known to increase the risk of
developing hepatocarcinoma [15,16]. However, the pharmacological effects of oridonin and its
underlying mechanisms in HSCs are still unknown.
The aim of this study was to investigate the apoptotic effects of oridonin in rat HSC cell line
(HSC-T6) and its action mechanisms. The intracellular signaling pathways responsible for
proliferation and activation of HSCs are complex and need to be further studied [4]. Intracelluar
glutathione (GSH) level has a considerable responsibility to maintain intracellular redox homeostasis
and cell viability in HSCs [17]. Experimental evidences indicate that reactive oxygen species (ROS)
accumulation caused by GSH depletion can induce caspase 3 activation and cell apoptosis [18,19]. For
that reason, it is important to identify candidate compounds that induce HSC apoptosis and prevent the
progression of hepatic fibrosis through depletion of GSH and overproduction of ROS. Our results
show that oridonin significantly induces apoptosis by decrease in intracellular GSH concentration
in HSC-T6.
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Figure 1. Oridonin decreased viability of HSC-T6. Cells were treated with DMSO
(control) or indicated concentrations of oridonin for 24 h. (A) Chemical structure of
7,20-epoxy-ent-kaurane (oridonin). (B) After the incubation period, cell viability was
determined using WST-1 assay. (C) Morphological changes in HSC-T6 were observed at 0
(control), 24, and 48 h. Bar = 10 μM. All data are presented as the mean ± SEM. (n = 6).
*** p < 0.001 compared to control.

2. Results and Discussion
2.1. Oridonin Inhibited Cell Viability and Induced Apoptosis in HSC-T6 Cells
Oridonin (5–40 μM) inhibited cell viability of HSC-T6 in a concentration-dependent manner with an
IC50 value of 16.94 ± 0.47 μM (Figure 1B). To characterize the oridonin-induced cell death of HSC-T6,
we observed the changes in cellular morphology. Phase-contrast microscopy showed that oridonin (30 μM)
treated cells for 24 and 48 h underwent marked apoptotic changes, including formation of membrane
blebs and apoptotic bodies (Figure 1C). To further determine the apoptotic features, cell cycle and
TUNEL staining were assayed. Oridonin (30 μM) caused an increase in subG1 phase, which is an
indicator of apoptosis, in a time-dependent fashion (Figure 2A,B). In addition, DNA fragmentation after
treatment with oridonin (15 and 30 μM) was observed (Figure 2C).
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Figure 2. Oridonin induced apoptosis of HSC-T6. (A) Time-dependent changes in the subG1
phase population were determined after oridonin (30 μM) treatment or not (control).
(B) Representative subG1 populations calculated from FACS histograms are shown (n = 4).
(C) Changes in nuclear morphology by DMSO (control) or oridonin at 24 h were visualized
using TUNEL staining. Bar = 10 μM. All data are presented as the mean ± SEM.
*** p < 0.001 compared to control.

It is well known that caspase 3 has a central role in the apoptotic responses. Our results showed that
activity of caspase 3 and expression of cleaved caspase 3 were significantly increased in oridonin
(30 and 40 μM)-treated HSC-T6 (Figure 3). These results suggested that oridonin induced apoptosis of
HSC-T6 through caspase 3-dependent pathway.
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Figure 3. Oridonin increased caspase 3 activity and expression. HSC-T6 cells were treated
with different concentrations of oridonin for 24 h. (A) Caspase 3 activity was measured
using Caspase 3/CPP32 colorimetric assay kits. (n = 6). *** p < 0.001 compared to control.
(B) The expressions of pro-caspase and cleaved caspase 3 were detected using western
blotting analysis. β-Actin was used as a loading control. All data are presented as the
mean ± SEM.

2.2. Oridonin Induced Intracellular ROS Generation
To study the effect of oridonin on oxidative stress, intracellular ROS generation was determined.
We found that oridonin (30 μM) significantly induced ROS generation within 24 h and has a peak
effect at 6 h (Figure 4). NAC, a thiol-antioxidant, inhibited the oridonin-induced ROS generation in
HSC-T6 cells (Figure 5A,B). Furthermore, NAC (0.1, 1, and 5 mM) significantly reduced oridonin (15
and 30 μM)-caused cell death (Figure 5C).
2.3. Oridonin Reduced Intracellular GSH Level
GSH concentration has an important effect on intracellular redox homeostasis. To investigate
whether oridonin reduces intracellular GSH level in HSC-T6 cells, the amount of intracellular GSH was
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assayed. Oridonin (15 and 30 μM) significant reduced GSH level in a concentration- and time-dependent
manner (Figure 6A). Furthermore, to further confirm the oridonin-induced cell death is mediated
through GSH depletion, the effect of GSH-MEE, a membrane permeable derivative of GSH, on
oridonin-induced cell viability was tested. Our results showed that GSH-MEE (0.05–1 mM)
significantly reduced oridonin-caused cell death in a concentration-dependent manner (Figure 6B).
Figure 4. Oridonin induced ROS production. HSC-T6 cells were treated with oridonin for
the indicated times. The levels of intracellular ROS were determined using DCF-DA, and
the fluorescence was detected using FACS Calibur analysis. (A) Right shifts in fluorescence
represented a change induced by oridonin (30 μM) or not (0 h, control). (B) The mean
fluorescence intensity of DMSO (control) or oridonin is shown. (n = 6–8). All data are
presented as the mean ± SEM. *** p < 0.001 compared to control.
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Figure 5. NAC inhibited ROS production and cell viability in oridonin-treated HSC-T6.
(A) Cells were pretreated with NAC (5 mM) for 1 h and then treated with DMSO (control)
or oridonin (30 μM) for 6 h. The levels of intracellular ROS were determined using
DCF-DA, and the fluorescence was detected using FACS Calibur analysis. (B) The mean
fluorescence intensity is shown. (C) NAC reversed the oridonin-induced cell death. NAC
(0.1, 1, and 5 mM) was preincubated for 1 h before the addition of oridonin (15 and 30 μM)
for 24 h. Cell viability was detected using the WST-1 assay (n = 4). All data are presented as
the mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001 compared to the corresponding
oridonin alone.
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Figure 6. Oridonin caused intracellular GSH depletion. (A) Cells were treated with DMSO
or oridonin (15 or 30 μM) for the indicate times. Intracellular GSH levels were determined
using mBCl. (n = 6). (B) GSH-MEE reversed the cell death caused by oridonin. GSH-MEE
(0.05, 0.1, 0.5, and 1 mM) was preincubated for 1 h before the addition of oridonin (30 μM)
for 24 h. Cell viability was detected using the WST-1 assay (n = 4). All data are presented as
the mean ± SEM. *** p < 0.001 compared to DMSO; ### p < 0.001 compared to
oridonin alone.

2.4. Effect of Oridonin on Phosphorylation of MAPKs
MAPK pathway is known to have a significant role in cell growth and/or apoptosis. To examine
whether MAPKs is involved in the oridonin-induced apoptosis of HSC-T6, activation of these kinases
was assayed by Western blotting. Oridonin (30 μM) induced rapid phosphorylation of ERK, p38
MAPK, and JNK (Figure 7A). Phosphorylation of ERK, p38 MAPK, and JNK by oridonin was
reversed by NAC (5 mM) (Figure 7B). However, the specific inhibitors of p38 MAPK (SB203580),
JNK (SP600125), and ERK (PD98059) failed to alter oridonin-induced apoptosis (Figure 8).
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Figure 7. Oridonin induced phosphorylation of MAPKs. (A) Oridonin induced the
phosphorylation of MAPKs in a time-dependent manner. Cells were treated with oridonin
(30 μM) for the indicated times. Phosphorylation of ERK, p38 MAPK, and JNK was
analyzed using immunoblotting analysis with antibodies against phosphorylated and total
protein. (B) NAC reversed oridonin-induced phosphorylation of MAPKs. NAC (5 mM) was
preincubated for 1 h before the addition of oridonin (30 μM). Phosphorylation of ERK, p38
MAPK, and JNK was analyzed using immunoblotting analysis with antibodies against the
phosphorylated and total protein.

2.5. NAC Inhibited the Changes of Mitochondrial Membrane Potential, Caspase 3 Activity, and Subg1
Population in Oridonin-Treated HSC-T6 Cells
Accumulation of ROS may result in a decrease in the mitochondrial membrane potential and trigger
cell apoptosis [20,21]. Oridonin decreased the mitochondrial membrane potential, and pretreatment with
NAC reversed this effect (Figure 9A). Furthermore, to determine whether ROS contributed to apoptosis
in a caspase 3 dependent manner, the effects of NAC and specific caspase 3 inhibitor, Z-DEVD-fmk,
were tested. Our results found that NAC and Z-DEVD-fmk not only suppressed caspase 3 activity
(Figure 9B) but also inhibited subG1 population in oridonin-induced cells (Figure 9C,D).
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Figure 8. Pharmacological inhibitors of MAPKs failed to alter oridonin-induced cell death.
(A) PD98059, (B) SB203580, and (C) SP600125 did not reverse the cell death caused by
oridonin. Cells were pretreated with various concentrations of inhibitors for 1 h before the
addition of oridonin (30 μM). Cell viability was detected using the WST-1 assay (n = 3).

2.6. Discussion
Activated HSCs play a central role in the pathogenesis of liver fibrosis [1,2,22]. For that reason,
stimulation of HSC apoptosis by herbal natural compounds has been considered an attractive therapeutic
strategy for treatment and/or prevention of liver fibrosis [1,23,24]. However, there are currently not
clinical drugs that directly modulate HSC activation and proliferation. Many reports suggest that
oridonin, a natural diterpenoid isolated from Rabdosia rubescens, has potent anti-hepatocarcinoma
activities in vitro and in vivo [13,20,25,26]. It is well-known that liver fibrosis can lead to liver
cancers [15,16,26]. However, the pharmacological effects of oridonin in HSCs are still unknown. In this study,
our data show that oridonin significantly and concentration-dependently induces cell apoptosis in HSCs.
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Figure 9. NAC and Z-DEVD-fmk reversed oridonin-induced mitochondrial dysfunction,
caspase 3 activation, and DNA fragmentation. (A) NAC reversed the oridonin-induced loss
of mitochondrial membrane potential. NAC (5 mM) was preincubated for 1 h before the
addition of oridonin (30 μM) for 24 h. The mitochondrial membrane potential was
determined using rhodamine 123, and the fluorescence was detected using FACS Calibur
analysis. The mean fluorescence intensity is shown in the upper right corner (n = 4).
(B) NAC and Z-DEVD-fmk reversed oridonin-induced caspase 3 activity. NAC (5 mM) or
Z-DEVD-fmk (20 μM) was preincubated for 1 h before the addition of oridonin (30 μM)
for 24 h. The caspase 3 activity was determined using Caspase 3/CPP32 colorimetric assay
kits. (C) NAC and Z-DEVD-fmk suppressed oridonin-induced DNA fragmentation. NAC
(5 mM) or Z-DEVD-fmk (20 μM) was preincubated for 1 h before the addition of oridonin
(30 μM) for 24 h. Changes in the subG1 phase ratio were determined using propidium
iodide (PI) staining at the indicated time points using FACS Calibur analysis.
(D) Representative subG1 populations calculated from FACSalibur histograms are shown
(n = 6). All data were presented as the mean ± SEM. ** p < 0.01 compared to
oridonin alone.

Several lines of evidences support the potential importance of inducing apoptosis of HSC for the
regression of liver fibrosis [1,22,27–29]. Oridonin had a significant inhibitory effect on the viability of
HSCs. We found that oridonin caused noticeable apoptotic changes, including formation of membrane
blebs and apoptotic bodies. To confirm apoptotic effects, we further studied the mitochondrial
membrane potential, DNA fragmentation and caspase activity. Oridonin induced significant increases
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in SubG1 population, DNA fragmentation, and caspase 3 expression and activity, and it caused a
reduction in mitochondrial membrane potential. These apoptotic effects of oridonin were completely
reversed by Z-DEVD-fmk, a specific caspase 3 inhibitor. Activation of caspase 3 is a fundamental role
in the apoptotic responses. These results suggest that oridonin stimulates apoptosis in HSC-T6 through
caspase 3-dependent pathway. Our results are in keeping with those reported by Bohanon et al. [30]
who showed that oridonin not only induced cell apoptosis but also reduced expression of α-SMA, type I
collagen, and fibronectin in LX-2 cells, an activated human HSCs. Together, these findings
demonstrate that oridonin may have potential to treat liver fibrosis.
GSH is a main intracellular antioxidant and plays an important role in the regulation of cell viability
in HSCs [17]. GSH has an inhibitory effect against ROS-induced apoptotic cell death [19]. Therefore,
induction of apoptosis in HSCs by decrease in cellular GSH concentration may provide a novel
approach for treating liver fibrosis. We showed that oridonin significantly decreased intracellular GSH
concentration and led to apoptosis in HSCs. Intracellular GSH level is increased in the presence of the
cell-permeable derivative GSH-MEE, which is hydrolyzed by esterases [18]. GSH-MEE significantly
restored cell viability caused by oridonin. These results support our hypothesis that oridonin enhances
ROS production and apoptosis in HSCs by decrease in cellular GSH concentration. Moreover, NAC, a
GSH precursor, reversed oridonin-induced ROS accumulation and apoptosis. Consistent with previous
reports, GSH depletion increases the sensitivity of HSCs to oxidative stress-induced cell death [19,31]. In
contrast, oridonin was shown to protect oxidative stress-induced apoptosis in keratinocytes and
epidermoid carcinoma cells [32,33]. Experimental evidence showed that ROS have a pathological
effect in many types of liver diseases [34–36]. The controversial results may be due to different cell
types. Clearly, the precise roles of ROS in liver as a regulatory, protective, or deleterious mediator are
still unresolved questions and need to be further investigated.
A recent report showed that oridonin causes apoptotic effects in metastatic hepatocellular carcinoma
cells through a mitochondrial pathway [37]. In support of this mechanism, mitochondrial membrane
potential was decreased by the treatment of oridonin in HSCs. Mitochondria is an important source of
intracellular ROS [38]. However, the mitochondrial complex I inhibitor, rotenone, did not reduce the
oridonin-induced ROS formation and cell apoptosis (data not shown). Because the oridonin-caused
decrease of mitochondrial membrane potential was reversed by NAC, we suggest that accumulation of
ROS by oridonin leads to reduction in mitochondrial membrane potential and trigger cell apoptosis.
MAPKs, such as ERK, JNK, and p38 MAPK, are important mediators of signal transduction in
oxidative stress-elicited cell responses [39,40]. There have been reported that MAPK signaling
pathway is involved in cell growth and activation in HSCs [20,41]. Previous report showed that
oridonin-induced apoptosis of HepG2 is through ROS induced MAPK activation [20]. In contrast, Yu
and colleagues found that continuously generated H2O2 caused inhibition of cell growth of human
gingival fibroblasts is independent of MAPK activation [42]. Noticeably, MAPK pathway in the
oxidative stress-induced apoptosis of HSCs is still uncertain. Oridonin significantly induced
phosphorylation of MAPKs in HSCs. However, pharmacological inhibitors of p38 MAPK
(SB203580), JNK (SP600125), and ERK (PD98059) failed to alter oridonin-induced apoptosis in
HSCs. Therefore, we speculated that the apoptotic effects of oridonin in HSCs were not mediated by
activation of p38 MAPK, JNK, and ERK. Although the role of MAPK activation in oridonin-mediated
effects in HSCs is still unknown, our data showed that NAC completely inhibited oridonin-stimulated
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activation of p38 MAPK, JNK, and ERK. The results indicate that activation of MAPKs by oridonin in
HSCs is mediated by depletion of GSH.
3. Experimental
3.1. Reagents
Oridonin and glutathione monoethyl ester (GSH-MEE) were purchased from Calbiochem (La Jolla,
CA, USA). Z-DEVD-fmk and the Caspase 3/CPP32 colorimetric assay kit were obtained from
BioVision (Mountain, PA, USA). The cell proliferation reagent WST-1 and RNase A were obtained
from Roche Applied Sciences (Mannheim, Germany). Antibodies against phospho-ERK1/2, ERK1/2,
phospho-JNK, and JNK were purchased from Cell Signaling (Beverly, MA, USA). Phospho-p38 and
p38 MAPK were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Other chemicals
were purchased from Sigma (St. Louis, MO, USA).
3.2. Cell Culture
HSC-T6, a rat HSC cell line, was kindly provided by Professor Scott L. Friedman (Mount Sinai
School of Medicine, NY, USA). HSC-T6 cells were cultured at 37 °C in Dulbecco’s minimum
essential medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (FBS) and antibiotics (100 U/mL penicillin, 100 μg/mL streptomycin, and 2.5 μg/mL
amphotericin B) in a humidified atmosphere with 5% CO2. The culture medium was replaced every
other day. Once the cells reached 70%–80% confluency, they were trypsinized and seeded onto 6- or
24-well plastic dishes for further experiments.
3.3. Cell Viability Assay
Cell viability was measured using WST-1 assay. HSC-T6 cells were seeded at a density of
5 × 104 cells/mL in 24-well plates and cultured in phenol red-free DMEM containing 0.5% heat-inactivated
FBS for 24 h. After incubation, cells were incubated with indicated concentrations of oridonin for 24 h.
The WST-1 reagent was then added into the medium and incubated at 37 °C for 2 h. The absorbance
was measured at 450 nm in a microplate reader (Thermo Labsystems, Waltham, MA, USA).
3.4. Analysis of Cell Cycle
Cells were treated with oridonin at the indicated times before harvesting and fixing in ice-cold 70%
ethanol for 1 h. Cells were then washed with PBS and incubated in propidium iodide staining buffer
(50 μg/mL propidium iodide, 0.1 mg/mL DNase-free RNase A, and 0.5% Triton X-100) for 30 min at
37 °C in the dark. The DNA content was analyzed by flow cytometry.
3.5. Measurement of Intracellular ROS Generation
The measurement of intracellular ROS generation was performed using 2',7'-dichlorofluorescin
diacetate (DCF-DA; Sigma) reagent. The relative level of ROS was measured by flow cytometry (BD
Biosciences, San Jose, CA, USA).
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3.6. Measurement of Intracellular GSH Levels
Intracellular GSH levels were assayed by fluorescent monochlorobimane (mBCl; Molecular Probes,
Eugene, OR, USA) according to the manufacturer’s instructions. Briefly, after treatment of cells with
30 μM oridonin, the cells were re-incubated in DMEM containing 100 μM mBCl at 37 °C for 30 min
in the dark. Fluorimetric analysis was performed using a fluorescence plate reader with
400 nm excitation/505 nm emission filters (Fusion™, Packard BioScience, Waltham, MA, USA).
3.7. Caspase 3 Activity Assay
The activity of caspase 3 was assayed using a Caspase 3/CPP32 colorimetric assay kit. Cells were
treated with oridonin for 2 h, and then resuspended in cell lysis buffer (BioVision, Milpitas, CA,
USA). Samples were centrifuged at 10,000 g for 5 min at 4 °C to yield cell lysates. Protein
concentrations of cell lysates were determined by the Bradford assay using bovine serum albumin
(BSA) as a standard. The isolated supernatant was mixed with an equal volume of reaction buffer
(containing 10 mM DTT and 400 μM DEVD-pNA) and incubated at 37 °C for 120 min. The
absorbance was measured at 450 nm in a microplate reader (Thermo Labsystems).
3.8. Western Blotting
Cells were pelleted and resuspended in ice-cold relaxation buffer (20 mM Tris-HCl (pH 7.4), 150 mM
NaCl, 1 mM EGTA, 1 mM NaF, 2 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 1% dilution of
Sigma protease cocktail, and 1% Triton X-100). Samples were centrifuged at 14,000 g for 20 min at 4 °C
to yield cell lysates. Proteins were separated by 10% or 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and electrophoresed onto a nitrocellulose membrane. Immunoblotting
was performed using specific primary antibodies and horseradish peroxidase-conjugated secondary
antibodies (Cell Signaling), and peroxidase activity was assessed using an enhanced chemiluminescence
kit (Perkin-Elmer Life Science, Boston, MA, USA). The intensities of the reactive bands were
analyzed using UVP Biospectrum (UVP LLC, Upland, CA, USA).
3.9. Assay of Mitochondrial Membrane Potential
Rhodamine-123 is used as a probe to detect the mitochondrial membrane potential. Cells were
treated with oridonin for 24 h, and then incubated with 1 μg/mL of rhodamine 123 at 37 °C for 1 h in
the dark. The fluorescence intensity of Rhodamine 123 was measured by flow cytometry.
3.10. Apoptosis Staining
Apoptosis-associated DNA fragmentation was visualized using the terminal deoxyribonucleotidyl
transferase-mediated dUTP-digoxigenin nick end labeling (TUNEL) apoptosis detection kit (Roche,
Mannheim, Germany). The cells were finally counterstained with DAPI and analysed using an
OLYMPUS IX 81 microscope (Olympus, Tokyo, Japan).
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3.11. Statistical Analysis
Data were expressed as the mean ± standard error of mean (SEM), and comparisons were
statistically calculated by one-way or two-way analysis of variance (ANOVA) followed by Bonferroni
post-hoc test. A value of p < 0.05 was considered statistically significant.
4. Conclusions
In the present study, we show that oridonin, a bioactive diterpenoid isolated from Rabdosia
rubescens, induces apoptosis in HSCs. Multiple observations made in the study indicate that the
apoptotic effects of oridonin in HSCs are through decrease of intracellular GSH concentration and
increase of ROS formation and caspase activation. An apoptotic action in activated HSCs may be used
to control liver fibrosis. Our pharmacological findings support further development of oridonin as a
novel therapeutic agent for treating HSC-related liver fibrosis.
Acknowledgments
We are grateful to Scott L. Friedman (Mount Sinai School of Medicine, NY, USA) for kindly
donating the cell line HSC-T6. This work was supported by grants from the Chang Gung University
(EMRPD1A0881), Chang Gung Memorial Hospital (CMRPG690371-3 and CMRPD1B0481-2), and
the National Science Council (NSC 101-2811-B-182-005 and 102-2811-B-182-019), Taiwan.
Author Contributions
L.-M.K. and C.-Y.K. performed all of the experiments in this study and contributed to the data
analysis and interpretation. C.-Y.L., M.-F.H., and J.-J.S. contributed to the experimental design of
this study. T.-L.H. participated in the conception, experimental design, and data interpretation of this
study. All authors participated in the drafting of this manuscript. All authors read and approved the
final manuscript.
Conflicts of Interest
The authors declare no conflict of interest.
References
1.
2.
3.
4.

Friedman, S.L. Evolving challenges in hepatic fibrosis. Nat. Rev. Gastroenterol. Hepatol. 2010, 7,
425–436.
Yin, C.; Evason, K.J.; Asahina, K.; Stainier, D.Y. Hepatic stellate cells in liver development,
regeneration, and cancer. J. Clin. Invest. 2013, 123, 1902–1910.
Hernandez-Gea, V.; Friedman, S.L. Pathogenesis of liver fibrosis. Annu. Rev. Pathol. 2011, 6,
425–456.
Fallowfield, J.A. Therapeutic targets in liver fibrosis. Am. J. Physiol. Gastrointest. Liver Physiol.
2011, 300, G709–G715.

Molecules 2014, 19

3342

5.

Wang, X.B.; Feng, Y.; Wang, N.; Cheung, F.; Wong, C.W. Recent progress on anti-liver fibrosis

6.

candidates in patents of herbal medicinal products. Recent Pat. Food Nutr. Agric. 2012, 4,
91–106.
Tian, W.; Chen, S.Y. Recent advances in the molecular basis of anti-neoplastic mechanisms of

7.

oridonin. Chin. J. Integr. Med. 2013, 19, 315–320.
Wong, A.M.; Zhang, Y.; Kesler, K.; Deng, M.; Burhenn, L.; Wang, D.; Moro, A.; Li, Z.; Heber, D.
Genomic and in vivo evidence of synergy of a herbal extract compared to its most active

8.

ingredient: Rabdosia rubescens vs. oridonin. Exp. Ther. Med. 2010, 1, 1013–1017.
Li, D.; Wu, L.J.; Tashiro, S.; Onodera, S.; Ikejima, T. Oridonin induces human epidermoid
carcinoma A431 cell apoptosis through tyrosine kinase and mitochondrial pathway. J. Asian. Nat.

9.

Prod. Res. 2008, 10, 77–87.
Bai, N.; He, K.; Zhou, Z.; Tsai, M.L.; Zhang, L.; Quan, Z.; Shao, X.; Pan, M.H.; Ho, C.T.
Ent-kaurane diterpenoids from Rabdosia rubescens and their cytotoxic effects on human cancer

cell lines. Planta Med. 2010, 76, 140–145.
10. Xu, Y.; Xue, Y.; Wang, Y.; Feng, D.; Lin, S.; Xu, L. Multiple-modulation effects of Oridonin on
the production of proinflammatory cytokines and neurotrophic factors in LPS-activated microglia.
Int. Immunopharmacol. 2009, 9, 360–365.
11. Osawa, K.; Yasuda, H.; Maruyama, T.; Morita, H.; Takeya, K.; Itokawa, H.; Okuda, K. An
investigation of diterpenes from the leaves of Rabdosia trichocarpa and their antibacterial activity
against oral microorganisms. Chem. Pharm. Bull. (Tokyo) 1994, 42, 922–925.
12. Jin, H.; Tan, X.; Liu, X.; Ding, Y. Downregulation of AP-1 gene expression is an initial event in
the oridonin-mediated inhibition of colorectal cancer: Studies in vitro and in vivo.
J. Gastroenterol. Hepatol. 2011, 26, 706–715.
13. Wang, H.; Ye, Y.; Pan, S.Y.; Zhu, G.Y.; Li, Y.W.; Fong, D.W.; Yu, Z.L. Proteomic identification
of proteins involved in the anticancer activities of oridonin in HepG2 cells. Phytomedicine 2011,
18, 163–169.
14. Kwan, H.Y.; Yang, Z.; Fong, W.F.; Hu, Y.M.; Yu, Z.L.; Hsiao, W.L. The anticancer effect of
oridonin is mediated by fatty acid synthase suppression in human colorectal cancer cells.
J. Gastroenterol. 2013, 48, 182–192.
15. Zhang, D.Y.; Friedman, S.L. Fibrosis-dependent mechanisms of hepatocarcinogenesis.
Hepatology 2012, 56, 769–775.
16. Kocabayoglu, P.; Friedman, S.L. Cellular basis of hepatic fibrosis and its role in inflammation and
cancer. Front. Biosci. (Schol Ed) 2013, 5, 217–230.
17. Brunati, A.M.; Pagano, M.A.; Bindoli, A.; Rigobello, M.P. Thiol redox systems and protein
kinases in hepatic stellate cell regulatory processes. Free Radic. Res. 2010, 44, 363–378.
18. Circu, M.L.; Aw, T.Y. Glutathione and apoptosis. Free Radic. Res. 2008, 42, 689–706.
19. Dunning, S.; Ur Rehman, A.; Tiebosch, M.H.; Hannivoort, R.A.; Haijer, F.W.; Woudenberg, J.;
van den Heuvel, F.A.; Buist-Homan, M.; Faber, K.N.; Moshage, H. Glutathione and antioxidant

Molecules 2014, 19

3343

enzymes serve complementary roles in protecting activated hepatic stellate cells against hydrogen
peroxide-induced cell death. Biochim. Biophys. Acta 2013, 1832, 2027–2034.
20. Huang, J.; Wu, L.; Tashiro, S.; Onodera, S.; Ikejima, T. Reactive oxygen species mediate
oridonin-induced HepG2 apoptosis through p53, MAPK, and mitochondrial signaling pathways.
J. Pharmacol. Sci. 2008, 107, 370–379.
21. Franco, R.; Cidlowski, J.A. Glutathione efflux and cell death. Antioxid. Redox. Signal. 2012, 17,
1694–1713.
22. Issa, R.; Williams, E.; Trim, N.; Kendall, T.; Arthur, M.J.; Reichen, J.; Benyon, R.C.; Iredale, J.P.
Apoptosis of hepatic stellate cells: Involvement in resolution of biliary fibrosis and regulation by
soluble growth factors. Gut 2001, 48, 548–557.
23. Mallat, A.; Lotersztajn, S. Cellular mechanisms of tissue fibrosis. 5. Novel insights into liver
fibrosis. Am. J. Physiol. Cell Physiol. 2013, 305, C789–C799.
24. Schuppan, D.; Kim, Y.O. Evolving therapies for liver fibrosis. J. Clin. Invest. 2013, 123,
1887–1901.
25. Lou, H.; Gao, L.; Wei, X.; Zhang, Z.; Zheng, D.; Zhang, D.; Zhang, X.; Li, Y.; Zhang, Q.
Oridonin nanosuspension enhances anti-tumor efficacy in SMMC-7721 cells and H22 tumor
bearing mice. Colloids Surf. B. Biointerfaces 2011, 87, 319–325.
26. Duan, C.; Gao, J.; Zhang, D.; Jia, L.; Liu, Y.; Zheng, D.; Liu, G.; Tian, X.; Wang, F.; Zhang, Q.
Galactose-decorated pH-responsive nanogels for hepatoma-targeted delivery of oridonin.
Biomacromolecules 2011, 12, 4335–4343.
27. Ray, K. Liver: Hepatic stellate cells hold the key to liver fibrosis. Nat. Rev. Gastroenterol.
Hepatol. 2014, 11, 74.
28. Puche, J.E.; Saiman, Y.; Friedman, S.L. Hepatic stellate cells and liver fibrosis. Comp. Physiol.
2013, 3, 1473–1492.
29. Mederacke, I.; Hsu, C.C.; Troeger, J.S.; Huebener, P.; Mu, X.; Dapito, D.H.; Pradere, J.P.;
Schwabe, R.F. Fate tracing reveals hepatic stellate cells as dominant contributors to liver fibrosis
independent of its aetiology. Nat. Commun. 2013, 4, 2823.
30. Bohanon, F.J.; Wang, X.; Ding, C.; Radhakrishnan, G.L.; Rastellini, C.; Zhou, J.; Radhakrishnan, R.S.
Oridonin Induces apoptosis and cell cycle arrest in activated Hepatic stellate cells and reduces
proliferation and extracellular Matrix protein production. J. Surg. Res. 2014, 186, 547.
31. Dunning, S.; Hannivoort, R.A.; de Boer, J.F.; Buist-Homan, M.; Faber, K.N.; Moshage, H.
Superoxide anions and hydrogen peroxide inhibit proliferation of activated rat stellate cells and
induce different modes of cell death. Liver Int. 2009, 29, 922–932.
32. Bae, S.; Lee, E.J.; Lee, J.H.; Park, I.C.; Lee, S.J.; Hahn, H.J.; Ahn, K.J.; An, S.; An, I.S.; Cha, H.J.
Oridonin protects HaCaT keratinocytes against hydrogen peroxide-induced oxidative stress by
altering microRNA expression. Int. J. Mol. Med. 2014, 33, 185–193.
33. Yu, Y.; Fan, S.M.; Song, J.K.; Tashiro, S.; Onodera, S.; Ikejima, T. Hydroxyl radical .OH played
a pivotal role in oridonin-induced apoptosis and autophagy in human epidermoid carcinoma A431
cells. Biol. Pharm. Bull 2012, 35, 2148–2159.

Molecules 2014, 19

3344

34. Britton, R.S.; Bacon, B.R. Role of free radicals in liver diseases and hepatic fibrosis.
Hepatogastroenterology 1994, 41, 343–348.
35. Tsukamoto, H.; Rippe, R.; Niemela, O.; Lin, M. Roles of oxidative stress in activation of Kupffer
and Ito cells in liver fibrogenesis. J. Gastroenterol. Hepatol. 1995, 10 (Suppl. 1), S50–S53.
36. Kim, J.H.; Jeong, Y.J.; Hong, J.M.; Kim, H.R.; Kang, J.S.; Lee, W.J.; Hwang, Y.I. Chronic
vitamin C insufficiency aggravated thioacetamide-induced liver fibrosis in gulo-knockout mice.
Free Radic. Biol. Med. 2013, 67, 81–90.
37. Zhu, M.; Hong, D.; Bao, Y.; Wang, C.; Pan, W. Oridonin induces the apoptosis of metastatic
hepatocellular carcinoma cells via a mitochondrial pathway. Oncol. Lett. 2013, 6, 1502–1506.
38. Dodson, M.; Darley-Usmar, V.; Zhang, J. Cellular metabolic and autophagic pathways: Traffic
control by redox signaling. Free Radic. Biol. Med. 2013, 63, 207–221.
39. Runchel, C.; Matsuzawa, A.; Ichijo, H. Mitogen-activated protein kinases in mammalian
oxidative stress responses. Antioxid. Redox Signal. 2011, 15, 205–218.
40. Chowdhury, A.A.; Chaudhuri, J.; Biswas, N.; Manna, A.; Chatterjee, S.; Mahato, S.K.;
Chaudhuri, U.; Jaisankar, P.; Bandyopadhyay, S. Synergistic apoptosis of CML cells by buthionine
sulfoximine and hydroxychavicol correlates with activation of AIF and GSH-ROS-JNK-ERK-iNOS
pathway. PLoS One 2013, 8, e73672.
41. Szuster-Ciesielska, A.; Mizerska-Dudka, M.; Daniluk, J.; Kandefer-Szerszen, M. Butein inhibits
ethanol-induced activation of liver stellate cells through TGF-beta, NFkappaB, p38, and JNK
signaling pathways and inhibition of oxidative stress. J. Gastroenterol. 2013, 48, 222–237.
42. Yu, J.Y.; Lee, S.Y.; Son, Y.O.; Shi, X.; Park, S.S.; Lee, J.C. Continuous presence of H2O2 induces
mitochondrial-mediated, MAPK- and caspase-independent growth inhibition and cytotoxicity in
human gingival fibroblasts. Toxicol. In Vitro 2012, 26, 561–570.
Sample Availability: Samples of the compound are available from the authors.
© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

